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INTRODUCTION 
Four crystallographic structure determinations are 
presented in this thesis: those of dipotassium 
di-y-d-tartrato(4)-bis(antimonate(III)) trihydrate, 
cyclopentadienyl iron tricarbonyl hexafluorophosphate, and 
the insecticides endrin and dieldrin. Each of the 
structures represents an interesting research problem, with 
the overall objective to learn the science and the art of 
crystallography. 
The X-ray crystal structure determination of 
KzSbzfd-C^HzOsjz'SHzO was undertaken as part of a contin­
uing program in this laboratory to elucidate structure and 
bonding in antimony compounds, in particular, the 
lengthening of X-Sb-X bonds trans to one another and lone 
pair effects, if any. In addition, as a crystalline 
inorganic hydrate, the water molecules are very important 
in the overall crystal structure as ligands to metal ions 
and to minimize electrostatic repulsion between anions. 
To locate the hydrogen atoms and hydrogen bonding of water 
molecules in the crystal structure, a neutron diffraction 
study was carried out using the white radiation neutron 
diffraction technique. 
The ir-CsHsPeCCO) aPFe structure determination is the 
first X-ray crystallographic study of a cationic iron 
carbonyl complex. The positively charged iron carbonyl 
2 
complex Is compared with neutral Iron carbonyl complexes and 
with the Isoelectronlc manganese species. 
The cyclodlene Insecticides endrln and dleldrln are 
geometrical Isomers In which slight differences In structure 
appear to have a significant effect on biological activity. 
The structure determinations of endrln and dleldrln were 
more difficult crystallographlc problems than the first 
two compounds, and were solved using direct methods. The 
exact solid state structural parameters are fundamental to 
toxicity studies of structure-activity relationships. 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF ir-CsHsFeCCO) gPFg, 
A CATIONIC IRON CARBONYL COMPLEX 
Introduction 
Angellcl and co-workers have extensively studied 
reactions of metal carbonyls with primary and secondary 
amines to form carboxamldo complexes. 
L M-C50+ + 2 RNHz + L^M-C^° + RNHa"^ 
In particular, for Iron cyclopentadlenyl cations 
[CsHsFe(CO) aL"^] where L = CO or P(C6H5)3, they found that 
carboxamldo complexes readily formed. In contrast, 
ir-CsHsMnCCO) 3 which Is Isoelectronlc with ir-CsHsFeCCO) s"*" 
will not react under the same conditions. We felt it would 
be worthwhile to carry out the structure investigation of 
ir-CsHsPeCCO) aPFe as this would be the first structure 
determination of an iron carbonyl cation and the results 
could be compared with those from the Isoelectronlc 
manganese species. 
Experimental 
Crystals of the compound were obtained from 
Dr. Angellcl and their preparation is discussed elsewhere.^ 
Preliminary examination via precession photographs exhibited 
mmm diffraction symmetry indicating an orthorhombic space 
group. Systematic absences for Ok£: k 2n, h02: & ^ 2n 
4 
and hkO: h ^ 2n uniquely determine the space group to be 
Pbca. The unit cell parameters obtained with chromium 
radiation (Ka = 2.2909, K6 = 2.0848A) at 24°C are a = 
15.235±0.009, b = 12.67210.005, and c = 12.422±0.012A. 
4 These parameters were obtained by a least squares fit of 
l4 2 0-values measured from zero-level Weissenberg films 
calibrated with superimposed aluminum powder lines (a^ = 
4.0410A). The calculated density of 1.93 g/cc for 8 
molecules per cell agrees well with the observed density of 
1.83 ± 0.08 g/cc determined by flotation techniques. 
For data collection, a crystal of dimensions 0.30 x 
0.32 X 0.32 mm and nearly cubic in shape was mounted on the 
end of a glass fiber using Duco cement. 
Intensity data were taken at room temperature (24°) 
using Zr-flltered Mo Ka(A = 0.7107A) radiation on a fully 
automated Hilger-Watts four-circle dlffractometer equipped 
with a scintillation counter and interfaced to an SDS-910 
computer in a real-time mode. One octant of data was 
collected within a theta sphere of 30®. Intensities were 
measured by counting at the peak center for ten 
seconds with two five second background counts at ± 
( 0 . 2 5  +  ( 0 . 0 1  X G^kl^)' conversion of peak height to 
integrated data, some Integrated intensities were taken by 
the steps can (moving crystal-moving counter) technique, 
and the integrated-peak height ratios were plotted as a 
5 
function of theta (0-30°). (No dependence on chi or phi was 
observed.) The intensities of three standard reflections 
which were re-measured periodically showed no decrease in 
Intensity during data collection. 
All intensity data were corrected for background and 
Lorentz-polarization effects. Because the linear absorption 
coefficient was small (y = 15.2 cm"M» no absorption 
correction was made. Minimum and maximum transmission 
factors were 0.6l and 0.63. Standard deviations (a^) in 
the intensities were estimated from the total count (TC) 
and background count (BC) values by (o^)^ = TC + BC + 
(0.05 X TC): + (0.05 x BC): + (0.05 x 1)=. The last three 
factors represent estimates for non-statistical errors in 
the total count, background count and the net intensity, 
respectively. The estimated standard deviation in the 
structure factor (a^) was found by the finite difference 
method.^ Of the 4175 reflections measured, 2662 had 
F > 2.5 and were considered observed. 
O r 
Solution and Refinement 
The coordinates of the iron and phosphorus atoms were 
readily determined from an unsharpened Patterson map, and 
subsequent structure factor and electron density map calcu-
7 lations revealed the positions of the other atoms. The 
structure was refined by a full-matrix least-squares 
procedure using a local modification of Busing, Martin, 
6 
O 
and Levy's OR FLS. The function minimized was 
S w C 1 I  - 1 I ) ^  w h e r e  w  i s  t h e  w e i g h t  d e f i n e d  a s  l / a ^ ( F ^ ) .  
Isotropic refinement resulted in a conventional discrepancy 
factor (R = S||F^|-)F^1|/Z]1) of 0.154, and a weighted 
discrepancy factor ( wR = [Zcd( |F^ | -1F^ |.) ^/ZOJ| F^ I ^ of 
0.214. 
After conversion to anisotropic temperature factors, 
final convergence was reached at R = 0.083 and wR = 0.111, 
with the average shift/error for the last cycle of 0.04. A 
final electron density difference map showed no peaks 
greater than 1.1 e~/A^; there were some small peaks between 
fluorine atom positions, suggesting some rotational disorder 
of the PFg group. 
Addition of hydrogen atom positions at calculated C-H 
distances of 1.07A and further refinement of the original 
structure resulted in R = 0.082 and wR = 0.111. 
The relativistic Hartree-Fock scattering factors of 
Doyle and Turner^ for Fe*^, P, F, 0, and C were used, with 
those of iron and phosphorous modified for the real and 
imaginary parts of anomalous dispersion.Hydrogen 
scattering factors are from the tables by Hanson et al. 
The final positional and thermal parameters and their 
standard deviations as derived from the inverse matrix of 
the final least squares cycle are given in Table 1. In 
Table 2 are listed the calculated positions of the hydrogen 
Table 1. Pinal atomic coordinates and thernal parameters^ 
Atom y e.i 011 611 611 011 611 
Fe 0.130lt3('))'' 0,10282(5) 0.20710(6) 0.00328(3) 0.00464(5) 0.00591(5) -0,00010(3) -0.00012(3) ->.••.00003,3) 
P 0.l|123'4(10) 0.24667(11) 0.04335(12) 0.00517(7) 0.00637(9) 0.00620(9) -0,00033(6) -0.00031(6) 0.00049(7) 
p(i) 0,31169(1(0) 0.26715(68) 0.06988(63) 0.00631(27) 0.02903(103) 0.02124(79) -0.00298(42) 0.00007(39) 0.00197(70) 
P(2) 0,40268(76) 0.12625(40) 0.05398(51) 0.03033(101) 0.00677(32) 0.01293(54) -0.00187(47) -0.00283(60) 0.00008(33) 
F(3) 0.01264(45) 0.22985(84) 0.47439(62) 0.00766(34) 0.03797(150) 0.01862(81) 0.00589(57) -0.00356(39) 
-0.00591(79) 
P(lt) 0,42523(65) 0,36658(40) 0.03427(48) 0.02515(89) 0.00731(33) 0.01273(50) -0.00153(45) 0.00134(49) 0.00024(33) 
p(5) 0.42709(39) 0.25105(41) 0.17063(36) 0.01202(38) 0.01419(48) 0.00697(28) 0.00052(34) -0.00135(28) -0.00034(30) 
F(6) 0.39918(44) 0.25733(40) 0.41774(36) 0.01437(43) 0.01270(44) 0.00669(29) -0.00057(36) -0.00159(31) 0.00058(26) 
0(1) 0.09838(47) 0.32932(39) 0.19661(47) 0.01012(39) 0.00519(29) 0.01690(66) -0.00020(27) -0.00135(39) -0.00037(32) 
0(7) 0.17060(41) 0.41128(51) 0.47507(37) 0.00812(32) 0.01585(61) 0.00592(32) 0.00041(33) 0.00087(26) 0.00113(31) 
0(3) 0.44032(27) 0.03252(39) 0.31397(44) 0.00360(18) 0.00929(37) 0.01447(51) -0.00106(20) 0.00069(23) -0.00178(33) 
C(l) 0.10855(45) 0.24241(44) 0.20005(52) 0.00599(29) 0.00514(33) 0.00938(51) -0.00047(25) -0.00013(3') -0.00009(30) 
C(2) 0,15460(42) 0.09397(49) 0.06300(50) 0.00541(28) 0.00804(43) 0.00650(39) -0.00060(27) -0.00018(27) -0.00052(33) 
C(3) 0,01693(36) 0.06215(46) 0.19108(46) 0.00395(22) 0.00604(33) 0.00800(42) -0.00057(22) -0.00021(24) 0.00077(30) 
0(1) 0,24970(48) 0.11375(79) 0.28654(75) 0.00429(28) 0.01256(76) 0.01319(80) -0.00141(37) -0.00243(41) 0.00388(64) 
c(5) 0,24283(59) 0.01811(95) 0.23710(67) 0.00696(43) 0.01720(107) 0.00906(58) 0.00719(60) -0.00082(42) 0.00025(64) 
0(6) 0,33144(78) 0.46627(55) 0.28306(79) 0.01133(67) 0.00595(42) 0.01452(91) -0.00074(43) 0.00655(65) 0.00168(48) 
C(7) 0,13538(53) 0.03338(89) 0.35893(62) 0.00685(41) 0.01615(97) 0.00772(53) 0.00072(50) -0.00036(37) 0.00521(60) 
0(0) 0,18542(71) 0.12173(65) 0.35947(69) 0.00962(58) 3.01000(61) 0,00985(66) 0.00088(48) -0.00450(51) -0.00175(49) 
"The form of the anisotropic temperature factor expresalon la exp[-(Pjjh^ + ^22''' * ^33^' + + Zp^^kl) ). 
^In this and in subsequent tables, estimated standard deviations are given In parentheses for the least significant figures. 
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Table 2. Calculated hydrogen atom positions®-
Atom X y  z 
H(4)^ 0.2978 0 . 1 7 2 9  0 . 2 6 9 7  
H(5) 0 . 2 8 5 8  - 0 . 0 1 0 6  0.1758 
H(6) 0.1447 - 0 . 1 1 0 9  0 . 2 6 1 7  
H (7) 0.0784 •  0 . 0 2 0 9  0.4091 
H ( 8 )  0.1755 0 . 1 8 8 6  0.4121 
The hydrogen atoms are labeled according to the C 
atom to which they are bonded. For example, H(4) is 
bonded to C(4). 
atoms in the cyclopentadleny1 ring. Table 3 lists the 
observed and calculated structure factors. Interatomic 
distances and angles and their deviations as calculated 
12 
using OR FFE and the variance-covariance matrix from the 
final least squares cycle are given in Table 4. The 
computer drawings shown throughout the text were made 
using OR TEP.13 
Discussion 
Cyclopentadleny1 iron tricarbonyl hexafluorophosphate 
exists as discrete CsHsFeC CO) 3"*" and PFe" ions in the solid 
state. The coordination around the iron atom (Figure 1) 
9 
Table 3. Observed and calculated structure factors 
(In electrons xlO) for 7r-C5HsFe(CO) aPFe 
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Table 4. Selected distances and angles and their estimated 
standard deviations for ir-CsHsFeCCO) sPFs 
(a) Distances (A) 
Fe-C(l) 
Fe-C(2) 
Fe-C(3) 
C(l)-0(1) 
C(2)-0(2) 
C(3)-0(3) 
1.802(6) 
1.831(7) 
1.815(6) 
1.113(7) 
1.111(7) 
1.112(7) 
P-F(l) 
P-F(2) 
P-P(3) 
P-F(4) 
P-F(5) 
P-F(6) 
1.590(6) 
1.539(5) 
1.559(7) 
1.536(5) 
1.598(5) 
1.574(5) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(4) 
1.363(13) 
1.428(14) 
1.366(13) 
1-355(13) 
1-338(13) 
Fe-C(4) 
Fe-C(5) 
Fe-C(6) 
Fe-C(7) 
Fe-C(8) 
2.072(7) 
2 . 0 5 5 ( 6 )  
2 . 0 5 5 ( 6 )  
2.083(7) 
2.084(7) 
(b) Angles (deg) 
C(4)-C(5)-C(6) 106.9(7) 
C(5)-C(6)-C(7) 106.4(7) 
C(6)-C(7)-C(8) 108.0(8) 
C(7)-C(8)-C(9) 110.3(8) 
C(8)-C(9)-C(4) 108.4(7) 
C(l)-Fe-C(2) 92.9(3) 
C(2)-Fe-C(3) 93.8(3) 
C(3)-Fe-C(l) 95.6(3) 
Fe-C(l)-0(1) 177-3(7) 
Fe-C(2)-0(2) 178.9(8) 
Fe-C(3)-0(3) 175.6(5) 
12 
Figure 1. The Tr-CsHgFeCCO) 3"*" cation In ir-CsHsPeCCO) aPPe 
13 
can best be described as octahedral with coordination to 
three carbonyl monodentate ligands and a C5H5" tridentate 
ligand. This configuration is in agreement with the current 
MO bonding scheme^^ for this type of compound which uses 
primarily the d-orbitals on the metal and includes overlap 
of the ei-d^y and d^^ orbitals with C5H5 ei-ir orbitals and 
involves back donation of the non-bonding d electrons into 
the C=0 bond. The PFs" group, as expected, has approxi­
mately 0^ symmetry, although as stated earlier, there exists 
some degree of rotational disorder in the solid. 
A least squares plane was calculated for C5H5" to show 
its relationship to the plane described by the three 
carbonyl carbon atoms (Table 5)• The two planes are 
essentially parallel with a dihedral angle of only 0.01°. 
A projection (Figure 2) of the cation normal to these 
planes shows the configuration of the carbonyl groups 
relative to the cyclopentadienyl ring. Note that one 
carbonyl carbon atom lies directly below a carbon atom of 
the ring, with the other two carbonyl carbon atoms at stag­
gered positions. This implies that one orbital, involved 
in a bonding to C=0, will be directed toward the midpoint 
of a C-C bond in the ring. In two similar structures, 
[n-CsHsPefCOjzlzC^Ht^^ and ir-CsHsPe ( CO) aC^HsSOa , it was 
also found that one monodentate ligand was directly below 
a cyclopentadienyl carbon atom. 
14 
Table 5. Planes involving ligand atoms^ 
(i) Least Squares Plane of the Cyclopentadienyl Ring 
Equation: 0.5911% - 0.A073y + 0.D962Z - 4.1381 = 0 
Distances of Atoms from the Plane: 
Atom Dev.(A) 
C(4) -0.006 
C(5) 0.004 
C(6) 0.000 
C(7) -0.003 
C(8) 0.006 
(ii) Plane Defined by the Carbonyl Carbon Atoms 
Equation: 0.5987% - 0.4009y + 0.6934z - 1.4772 = 0 
^Plane coordinates are defined relative to three 
orthogonal unit vectors along the a, b, and c_ directions. 
15 
Figure 2. Projection of the ir-CsHsFeCCO) s"*" cation 
the cyclopentadienyl plane 
16 
The bonding of carbon monoxide ligands has been char­
acterized in numerous compounds as sigma donation of 
electron density from the carbon atom accompanied by back 
donation of electron density from non-bonding metal 
orbitals into the CEO TT* orbitale. Structural data for a 
variety of iron carbonyl complexes are summarized in 
Table 6. A comparison of bond lengths given in this table 
shows that the C-0 distances in ir-CsHsPeCCO) aPFs are the 
shortest found (1.111(7), 1.112(7), and 1.113(7)A) and the 
Pe-C(carbonyl) distances are the longest found (1.802(6), 
1.815(6), and 1.831(7)A). Brown and Darensbourg^^ In IR 
studies of metal carbonyls have shown that for the series 
V(C0)6~, Cr(C0)6, and Mn(CO) the carbon-oxygen stretching 
frequency increases with higher positive charge on the 
metal ion. Force constants calculated from C-0 stretching 
frequencies of Fe, Mn, and Re carbonyl compounds are 
usually higher when the metal is formally positively 
charged. The short C-0 distances found in this study 
agree quite well with these observations. 
The C-Fe-C angles appear consistent with other iron 
carbonyls, as is the deviation from linear Fe-C-0 bonds. 
"1 fi Kettle has shown that there is no symmetry requirement 
that the two C=0 ir bonds interact equally , with the metal 
orbitals, so that linear bonds are not necessarily 
expected. 
17 
As In most other metal ir-bonded cyclopentadienyl com­
plexes there is some variation in the carbon-carbon bond 
lengths in the cyclopentadienyl ligand. It has been 
suggested^^"^^ that the non-equivalent bond distances are 
indicative of localization of electron density, and that 
there is unequal overlap of d„ and d metal orbitals with 
—y z —X z 
the e MO's of C5H5. In the present study (with variations 
greater than standard deviations) this appears to be the 
case. Carbon atoms forming the shortest Fe-C bonds in 
general exhibit the longest C-C distances. For example, 
the shortest Fe-C distances are Fe-C(5) and Fe-G(6), both 
2.055(6)A, and the longest C-C distance in the cyclo-
pentadienyl ring is C(5)-C(6) (1.428&). 
An X-ray crystal study of ir-C5H5]yin(C0) 3 was carried 
22 
out by Berndt and Marsh in 1 9 6 2 .  The molecular config­
uration is basically the same as found for the cation in 
the present study. However, carbon-oxygen bond distances 
(1.129, 1.142, 1.131%) are longer, probably due to increased 
back donation of electron density from the neutral Mn 
compared to the positively charged Fe atom. The C-Mn-C 
angles are 91, 91, and Sk° and the Mn-C-0 bond angles are 
176, 178, and 180°. The other major difference between 
the two structures is a 12° rotation of the carbon monoxide 
ligands relative to the cyclopentadienyl ring. This 
transition, a 12° rotation, which may or may not be the 
Table 6. :cc;&rls:r. cf £:r-3tural results for Iron carbonyl complexes 
T-C cor.d lengths (X) Average i- end .-e-- 2 ir ler.f th: 
:fefA:-Cç«5MCO)(5C-3):,6F^' 
1 . 1 7 ( 2 ) ,  1 . 1 6 ( 2 ) .  1 . 2 0 ( 2 ) ,  l . l ' i O )  
1 . 2 ) 1 2 ) .  1 . 1 7 ( 2 ) .  1 . 1 9 ( 2 ) .  1 . 1 7 ( 2 )  
1 . 1 7 ( 2 ) .  1 . 1 6 ( 2 ) .  1 . 2 0 ( 2 ) .  1 . 2 0 ( 2 )  
1 . 1 6 ( 2 )  
1 . 1 4 3 ( 8 ) ,  1 . 1 1 * 6 ( 9 )  
(Vl tanln-A «Idehyde) t ric«rbonv11 1.15(2), 1.16(2). 1.15(2) 
, f 
1 . 1 1 , 2 ( 1 6 ) ,  1 . 1 5 1 ( 1 7 ) ,  I . 1 4 ! , ( 2 0 ) ,  
1 . 1 6 7 ( 1 7 ) ,  1 . 1 5 9 ( 1 7 )  
n.C^HgFe([0)^C^Hg50^ 
1 . 1 6 9 ( 2 3 )  ( A v . )  
1.129(1(1) (Av.) 
1 . 1 6 ( 2 ) .  1 . 1 5 ( 3 )  
1.113(7), 1.113(7), 1.111(7) 
1.7«*(2) 
1 . 7 9 ( 2 )  
1 . 7 5 ( 1 )  
1 . 7 8 ( 2 )  
1 . 7 7 ( 2 )  
1 . 7 2 ( 3 )  
1 . 7 8 ( 1 )  
1 . 7 0 ( 2 )  
1,83(1) 
r?:çi def.-o 
C-Fe-C tend 
angles (degrees) 
I 7 k : 2 ) .  1 7 3 ( 2 . .  1 7 8 ( 2 ) .  y V { 7 \  9 8 ( 1 ) .  9 8 ( 1 ) .  9 9 ( 1 ) ,  1 0 3 ( 1 ) ,  
' 7 f c ' 2 ) .  1 7 6 ( 2 ) .  I 7 t ( 2 ) .  1 7 7 ( 2 ) .  9 8 ( 1 ) .  9 7 ( 1 ) .  y S d ) .  9 5 ( 1 ) .  
1 7 7 ' 2 > .  1 7 5 ( 2 ) .  1 7 5 ( 2 ) .  * 7 5 ( 2 )  8 8 ( 1 ) .  9 1 ( 0 .  9 ^ 1 ) .  9 1 ( 1 )  
1 7 8 . 2 - 7 1 .  1 7 9 . 7 i é )  
1 7 6 ( 2 ) .  i ? 7 ( 2 ) ,  1 7 8 ( 2 )  
8 6 . 0 ( 3 ) .  9 0 . 6 ( 1 ) .  9 4 . 1 ( 3 ) .  
8 9 . 3 ( 6 )  
90(1). 101(1). 105(1) 
1 7 6 . 0 M 2 1 .  1 7 6 . 8 ( 1 2 ) .  1 7 6 . ( , ( 1 3 ) .  9 6 . 6 ( 6 ) .  9 1 . 9 ( 6 ) .  9 4 . 8 ( 6 )  
\T*.k(\z\. 180.0(11) 
1 7 0 ( 2 1 ,  1 7 3 ' 2 ) .  1 7 4 ( 2 1 .  1 7 4 ( 2 )  9 4 . 9 ( 1 1 ) .  9 4 . 7 ( 1 1 )  
1 7 4 . 2 ( 1 0 ) .  1 7 8 . 8 ( 1 0 1  9 3 . 0 ( 4 ) .  8 8 . 9 ( : . l .  9 6 . 1 ( 5 )  
1 7 4 ( 2 ) .  1 7 4 ( 2 )  8 9 ( 1 ) .  9 2 ( 1 ) .  9 6 ( 1 )  
1 7 5 . 6 ( 5 ) .  1 7 7 . J ' - » )  1 7 3 . 9 ( 8 1  9 5 . 6 ( 3 ) .  9 ) . 8 ( 3 \  9 2 . 9 ( 3 )  
^Pefere.noe ?3 
^reference i" 
•peperence 15 
er.:e 25 
^PeTerence 2C 
•Peferer • J" 
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TT-CsHsFeCCO) 3"^ TT-CsHsMnCCO) 3 
result of packing forces in the crystal, gives the two 
compounds different geometrical configurations, but it 
would be difficult to say whether this would affect their 
relative reactivities. 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF THE 
INSECTICIDE ENDRIN 
Introduction 
Endrin is one of several highly toxic cyclodiene 
insecticides. The cyclodiene insecticides, a group which 
also includes dieldrin, isodrin, aldrin, heptachlor, 
chlordane, and telodrin, are highly chlorinated cyclic 
hydrocarbons named "cyclodiene" because of their 
2Q preparation from cyclopentadiene. 
These compounds are very similar to one another (for 
example, endrin and dieldrin, CizHgClgO, are geometrical 
isomers) and yet slight differences in their structures 
appear to greatly affect their activity. These differences 
are illustrated in Table 7 which lists the toxicity (LDso 
Table 7. Toxicities of several cyclodiene insecticides^ 
Compound Housefly topical LDso yg/g 
Rat oral 
LDso mg/kg 
Endrin 3.0 7.5-7.8 
Dieldrin 0.9 46 
Aldrin U) o
 
39-60 
Heptachlor 2.2 100-162 
Alodan 10.0 1500 
Telodrin 1.1 4.8-5.5 
^This table was taken in part from R. L. Metcalf's 
"The Chemistry and Biology of Pesticides," p. 91 
(Reference 30). 
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is the lethal dose for one-half the population) of several 
cyclodiene insecticides to houseflies and rats.^^ On 
consultation with P. A. Dahm, Department of Zoology and 
Entomology, it was found that relatively little work has 
been done relating molecular structure to toxic activity of 
these compounds. 
The poisoning of insects by cyclodiene insecticides is 
thought to occur in the ganglia of the central nervous 
system^^ although the exact mechanism of action is unknown. 
•31 Soloway has shown there is correlation between molecular 
structure and biological activity of cyclodiene insecti­
cides. In a series of tests of different cyclodiene 
compounds on several classes of insects, he has found that 
highly toxic cyclodiene compounds have several character­
istics in common. These are the presence of two electro­
negative centers similarly positioned in the molecule (a 
polychlorinated center and another electronegative center 
such as CI, 0, S, or a double bond) which presumably can 
become attached to a biological site, a mirror plane 
through the dichloromethano bridge so that the electro­
negative centers are equally positioned across the mirror, 
and an overall similarity to one another in shape and size. 
Other cyclodiene compounds showed little or no toxic 
properties. 
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Endrln may be prepared by the Diels-Alder reactions 29 
CI CI 
CICl 
Ci-Cl 
I CI 
0 
CH3COOH 
CI 
CI--CI 
CI 
Cl-Cl 
which should yield the endo-endo isomer, 1,2,3,4,10,10-
hexachloro-6,7-epoxy-l,4,4a,5,6,7,8,8a-octahydro-endo-endo-
1,4:5,8-dimethanonapthalene. It should be noted that the 
structural formula is commonly written either endo-
endo3°»32,33 _ 34,35 or exo-exo. This appears to be primarily 
a difference in American and British conventions and should 
not imply that there is any question about the relative 
orientation of the two norbornene rings. 
The position of the epoxide ring, however, whether it 
is exo or endo to the non-chlorinated norbornene ring, is 
not defined. In this crystal structure determination we 
hoped to obtain the orientation of the epoxide ring and 
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also to provide accurate atomic coordinates In the molecule 
for use In model building In structure-activity studies of 
cyclodiene Insecticides. 
Experimental 
Crystals of the compound were kindly supplied by 
P. A. Dahm. The crystals were clear and colorless with 
sharply defined faces. The crystals, although air-stable, 
were found to decompose upon exposure to X-rays, and it was 
found that mounting the crystals in thin-walled Llndemann 
glass capillaries retarded this decomposition. Preliminary 
precession photographs exhibited mmm diffraction symmetry. 
The systematic alternate extinctions along the three axes, 
h,0,0: h^2, 0,k,0: k/2n, and 0,0,&: SL^2n uniquely 
determined the orthorhomblc space group P2^2^2^. The unit 
cell parameters at 24°C are a=15.273(2), b=ll.508(2), and 
£=8.202(1)Â. These parameters and their standard deviations 
were obtained by a least-squares fit to 12 independent 
reflection angles whose centers were determined by left-
right, top-bottom beam splitting on a previously aligned 
Hllger-Watts four-circle dlffractometer (Cu Ka radiation, 
A=1.54l8X). Any error in the instrumental zero was elimi­
nated by centering the reflection at both +26 and -26. A 
calculated density of 1.756 g/cc for four molecules per unit 
cell agrees well with the observed density 1.75 g/cc which 
was determined by flotation techniques. 
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For data collection, a crystal with dimensions 
0.20 X 0.12 X 0.12 mm was sealed in a thin-walled Lindemann 
glass capillary with the a axis coincident with the spindle 
axis. Intensity data were taken at room temperature (24°) 
using Ni-filtered Cu Ka(A=l.54l8â) radiation on a fully 
automated Hilger-Watts four-circle dlffractometer equipped 
with a scintillation counter and interfaced to an SDS-910 
computer In a real-time mode. Intensities were measured 
within one octant of a theta sphere of 55°, and were 
measured by counting at the peak center (G^kl^ ten 
seconds with two five second background counts at 6^^.^ ± 
(0.25 + (0.01 X For conversion of peak height to 
integrated data, some integrated intensities were taken by 
the stepscan (moving crystal-moving counter) technique.^ 
No dependence on chi or phi was observed, and the 
integrated-peak height ratios were plotted as a function 
of theta. A total of 1022 independent reflections were 
recorded in this manner. 
As a check on electronic and crystal stability, three 
standard reflections were measured periodically during data 
collection. The standard reflections indicated appreciable 
decomposition of the crystal, with the total decrease being 
about 25%. Decomposition curves drawn using the three 
standard reflections showed discontinuities at time periods 
where data collection had been stopped indicating that 
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decomposition occurred during and continued after exposure 
to X-rays. In later refinement of the structure it was 
found that using three scale factors gave better refinement 
of the structure than scaling each reflection for 
decomposition. 
The intensity data were corrected for background and 
Lorentz-polarizatlon effects, with an appropriate correction 
factor for peak height-integrated data. The absorption 
coefficient (y) is 108 cm~^. An absorption correction was 
made using the Tompa-Alcock absorption correction 
program. The maximum and minimum transmission factors 
were respectively, 37.5 and 27.7?. Standard deviations 
(Oj) in the intensities were calculated by 
(o,): = [TC + BC + (0.05 X TC.) ^ + (0.05 x BC)^ 
+ (0.05 X NET):]/A2 
where TC, BC, NET, and A are the total count, background 
count, net count, and transmission factor, respectively. 
The quantities 0.05 represent estimates for non-statistical 
errors in the total count, background count, and absorption 
correction, respectively. Values for were obtained from 
6 ^ Oj by the finite difference method. Of the 1022 measured 
intensities, 866 had F^>2.5cip and were considered observed. 
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Solution and Refinement 
The structure was solved using the MULTAN programs of 
OQ 
Main, e^ a^. The chlorine atom positions were 
located by an E-map based on 166 reflections with E>1.25, 
with the phases determined by application of the tangent 
•3Q 
formula of Karle and Hauptman. ^ The light atoms were 
readily located by an electron density calculation phased 
by the chlorine atoms. 
The structure was refined by a full-matrix least-
squares procedure using a local modification of Busing, 
O 
Martin, and Levy's OR FLS. The function minimized was 
Zu(|F^| - |F^|)^ where co is the weight defined as l/a^(F^). 
Isotropic refinement with the three scale factors resulted 
in a conventional discrepancy factor (R = Z||F^| - |F^[| 
/Z|P^|) of 0.194, and a weighted discrepancy factor 
(wR = [Z(JÛ(|FQ| - |F^| ) VlœlF^I 2]"^) of 0.231. The scattering 
factors are from the tables by Hanson, Herman, Lea, and 
Skillman. 
Two sets of 10 reflections with apparent angle-setting 
errors associated with them were removed from the data set. 
Further refinement of the structure with anisotropic 
temperature factors and 846 reflections resulted in R=0,107 
and wR=0.124, with the average shift/error for the last 
cycle of 0.01. Due to the decomposition problem it was 
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felt that the data were not good enough to justify Inclusion 
of hydrogen atoms in the refinement. A final electron 
density difference map showed no peaks higher than 0.7e~/A^. 
The final values of the positional parameters are 
given in Table 8 and anisotropic thermal parameters in 
Table 9 with standard deviations as derived from the inverse 
matrix. The observed and calculated structure factors are 
given in Table 10. Interatomic distances and angles and 
12 their deviations were calculated using OR PPE and the 
variance-covarlance matrix from the last least squares 
cycle. These are given in Table 11. 
Discussion 
The crystallographic study of endrln (Figure 3) 
confirms the endo-endo configuration of the molecule. The 
epoxide group is exo with respect to the non-chlorinated 
norbornene ring. The structural formula should be written 
1,2,3,4,10,lO-hexachloro-exo-6,7-epoxy-1,4,4a,5,6,7,8,8a-
octahydro-endo-endo-1,4:5,8-dlmethanonapthalene. 
Bond distances and angles (Table 11), in general, do 
appear to be significantly different than those used by 
Soloway to build Courtauld models of cyclodiene 
insecticides. These differences (longer carbon-carbon 
single bonds and some different angles) are due to strain 
in the heterocyclic system. 
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Table 8. Final positional parameters (xlO**) for endrin 
Atom X y z 
Cl(l) 9214(4) 8 8 4 0 ( 6 )  2828(7) 
0 1 ( 2 )  9 3 8 9 ( 5 )  6 0 0 5 ( 6 )  2945(9) 
Cl(3) 7778(5) 4913(6) 5391(10) 
Cl(4) 6588(4) 7073(8) 6713(9) 
Cl(5) 7377(5) 9 6 5 0 ( 6 )  5 0 9 3 ( 8 )  
Cl(6) 7124(4) 7847(6) 2 7 8 1 ( 8 )  
C(l) 8735(13) 8 0 8 1 ( 1 8 )  4395(24) 
C(2) 8708(15) 6 7 0 9 ( 1 8 )  4 1 8 5 ( 2 6 )  
0 ( 3 )  8 0 9 0 ( 1 8 )  6 3 0 0 ( 2 1 )  5166(27) 
0 ( 4 )  7609(14) 7321(28) 5 9 4 6 ( 3 4 )  
0 ( 5 )  8227(16) 7960(20) 7248(31) 
0 ( 6 )  8 7 6 9 ( 1 6 )  7329(22) 8 6 5 7 ( 2 7 )  
0 ( 7 )  9224(17) 6 2 5 3 ( 1 8 )  7 9 4 6 ( 2 9 )  
0 ( 8 )  
-67(15) 6684(27) 6844(35) 
0 ( 9 )  9 8 7 2 ( 1 2 )  7982(23) 6970(29) 
0 ( 1 0 )  9014(14) 8404(20) 6126(27) 
0(11) 7717(14) 8 2 5 5 ( 1 6 )  4 5 4 5 ( 2 8 )  
0(12) 9577(17) 8 1 9 2 ( 2 1 )  8 8 2 5 ( 2 9 )  
0  1567(11) 6 1 6 3 ( 1 7 )  8459(21) 
Table 9- Final anisotropic thermal parameters (xlO^) for endrln^ 
Atom 3ii 022 P 3 3 3I2 3I3 & 2 3 
Cl(l) 43(3) 141(6) 159(11) -28(4) 6(5) 24(8) 
01(2) 64(4) 141(7) 213(13) 32(4) 0(6) -50(9) 
01(3) 77(5) 102(6) 338(18) . -29(5) -26(8) 4(9) 
Cl(4) 30(3) 226(10) 237(13) -15(4) 21(5) 41(10) 
01(5) 66(4) 136(8) 209(12) 49(4) -1(6) 1(8) 
01(6) 36(3) 163(7) 181(11) -5(4) -16(5) 13(8) 
0(1) 27(9) 95(20) 112(32) -12(11) -1(14) 15(22) 
0(2) 46(12) 78(19) 137(37) 28(12) -14(18) -2(23) 
0(3) 75(17) 102(22) 132(37) -13(15) 19(23) -5(27) 
^The form of the anisotropic temperature factor expression Is 
exp[-(Biih:+P2 2k2+B3 3&z+2Gi2hk+2gi3hA+2g2 3kA)]. 
Table 9 (Continued) 
Atom B i i  3  2  2  3  3  3  3  1  2  3  1  3  3 2  3  
C(4) 21(11) 213(35) 223(48) 19(16) -1(19) 5 ( 4 1 )  
0 ( 5 )  4 5 ( 1 2 )  108(22) 209(45) 9(13) -41(20) 7(29) 
C ( 6 )  5 2 ( 1 4 )  125(25) 1 4 1 ( 3 6 )  1(15) 4(18) -27(28) 
0(7) 64(15) 70(18) 199(42) 14(14) -10(22) 18(28) 
0 ( 8 )  25(11) 185(37) 2 3 3 ( 5 6 )  16(15) - 1 8 ( 2 1 )  60(39) 
0 ( 9 )  13(8) 141(27) 165(38) 0(11) -24(15) 37(30) 
0 ( 1 0 )  38(11) 120(24) 160(38) - 5 8 ( 1 3 )  -4(18) 21(26) 
0(11) 34(10) 60(15) 197(42) -6(10) -22(18) 28(22) 
0 ( 1 2 )  5 9 ( 1 4 )  116(23) 153(38) 3 ( 1 6 )  10(21) -32(27) 
0 4 4 ( 9 )  136(17) 2 3 2 ( 3 4 )  21(10) -25(14) 14(23) 
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Table 10. Observed and calculated structure factors 
(in electrons xlO) for endrin 
I i»ifl laii 
e «i»-îoîi 
'il-'II 
lîCia 
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Table 11. Selected bond distances and angles for endrln 
(a) Distances (%) 
C(l)-C(2) 1. 60(3) 0
 
00
 
1 o
 
vo
 
1.51(4) 
C(2)-C(3) 1. 32(3) C(9)-C(10) 1.55(3) 
C(3)-C(4) 1. 53(4) C(6)-C(12) 1.59(4) 
C(4)-C(5) 1. 59(3) C(9)-C(12) 1.58(3) 
C(5)-C(10) 1. 58(3) C(7)-0 1.48(3) 
o
 
H
 
0
 
1 o
 
H
 
1. 51(3) C(8)—0 1.48(3) 
C(4)-C(ll) 1. 58(3) C(1)-C1(1) 1.71(2) 
C(l)-C(ll) 1. 56(3) C(2)-C1(2) 1.66(2) 
C(5)-C(6) 1. 58(3) C(3)-C1(3) 1.69(2) 
C(6)-C(7) 1. 54(3) C(4)-C1(4) 1.69(2) 
C(7)-C(8) 1. 48(4) C(11)-C1(5) 1.75(2) 
C(11)-C1(6) 1.75(2) 
(b) Angles (deg) 
C(l)-C(2)-C(3) 108(2) 
C ( 2 ) - C ( 3 ) - C ( 4 )  108(2) 
C(3)-C(4)-C(5) 111(2) 
C ( 4 ) - C ( 5 ) - C ( 1 0 )  102(2) 
C(5)-C(10)-C(l) 104(1) 
C(10)-C(l)-C(2) 111(2) 
C(6)-C(12)-C(9) 92(2) 
0-C(7)-C(8) 60(1) 
C(7)-C(8)-0 60(1) 
C(7)-0-C(8) 60(1) 
C(l)-C(10)-C(9) 124(2) 
C(4)-C(5)-C(6) 124(2) 
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Table 11 (Continued) 
(b) Angles (deg) 
C(3)-•0(4). 0(11) 101(2) 0(2)-C ( 3 ) - 0 1 ( 3 )  127(2) 
C(5)-•0(4)-•0(11) 95(2) 0(4)-•0(3)-01(3) 124(2) 
C(2)-0(1)-•0(11) 9 6 ( 2 )  0 ( 3 ) -•0(4)-Cl(4) 117(2) 
C(10) -0(1) -0(11) 100(2) 0(5)-•0(4)-Cl(4) 112(2) 
C(l)-0(11) -0(4) 94(2) 0(1)-•C(2)-C1(2) 123(2) 
C(5)-C ( 6 ) -•0(7) 110(2) 0(3)-•C(2)-C1(2) 129(2) 
C ( 6 ) -0(7)-C ( 8 )  106(2) 0(10) -0(1)-C1(1) 116(1) 
C(7)-C ( 8 ) -C ( 9 )  105(2) 0(2)-•C(1)-C1(1) 116(2) 
C ( 8 ) -0(9)-0(10) 110(2) 0(11) -0(4)-01(4) 118(2) 
C(9)-0(10) -0(5) 106(2) 0(11) -0(1)-01(1) 114(1) 
C(10) -0(5) —0(6) 100(2) 0(1)-0(11)-C1(6) 114(2) 
C(5)-0(6)-0(12) 100(2) 0(1)-0(11)-01(5) 108(1) 
C(7)-0(6)-0(12) 101(2) 0 ( 4 ) -0(11)-C1(6) 110(1) 
0(10) -0(9) -0(12) 9 8 ( 2 )  0(4)-C(ll)-01(5) 1 1 5 ( 2 )  
C ( 8 ) -0(9)-0(12) 104(2) 01(5) -0(11)-01(6) 115(1) 
Figure 3. View of the endrln molecule, 1,2,3,4,10,lO-hexachloro-exo-6,7-
epoxy-1,4,4a,5j6,7,8,8a-octahydro-endo-endo-l,4:5,8-dlmethano-
napthalene 
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An approximate non-crystallographic mirror plane 
bisects the molecule through the methano bridge carbon 
atoms. Bond distances on either side of the mirror (Figure 
4) are the same, within standard deviations, with the 
exception of C(l)-C(2) and C(3)-C(4) which are 1.60 and 
1.53A, and C(l)-C(10) and C(4)-C(5) which are 1.51 and 
1.59A, respectively. This slight distortion of the 
chlorinated norbornene part of the molecule also occurs in 
a similar compound, photoaldrin, the crystal structure of 
iin 
which was determined by Khan, Baur, and Khan in 1972. 
In the photoaldrin structure these distances are 1.62 and 
I.54X and 1.51 and I . 6 O A .  
Other comparable bond distances in endrin and photo­
aldrin are very nearly the same. Carbon-carbon single 
bond lengths are observed, as in other strained hetero­
cyclic systems, to be lengthened from the normal 1.54A. 
O 
The average C-C single bond in endrin is I. 5 6 A ,  and in 
photoaldrin, 1.57&. 
The carbon-carbon double bond length (1.32(3)A) and 
epoxide C-0 bond distances (1.48(3) and 1.48(3)%) are 
typical for medium sized organic molecules. The methano 
bridge C-Cl distances are 1.75(2) and 1.75(2)A which are 
normal C-Cl distances, although the other C-Cl distances, 
1.71(2), 1.66(2), 1.69(2), and 1.69(2)&, appear to be 
somewhat short. 
Figure 4. Bond distances In the endrln molecule. The mirror plane Is 
non-crystallographlc 
CIO) 
C(I2)_® 
CI (2) 
LO CX> 
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Bond angles are also mirrored across the non-
cry s tallographlc mirror plane within standard deviations, 
with the exception of the angles associated with the 
slightly distorted chlorinated norbornene ring mentioned 
above. These are C(3)-C(4)-C(ll) (101°) and C(5)-C(4)-C(ll) 
(95°), and C(2)-C(l)-C(ll) (96°) and C(10)-C(l)-C(ll) 
(100®). The methano bridge C-C-C angles, C(l)-C(ll)-C(4) 
and C(6)-C(12)-C(9), are Sh° and 92°, respectively. 
The longest dimension across the mirror plane is 
5.47X (the C1(1)-C1(4) distance) and the length of the 
molecule, from the epoxide oxygen to a bridgehead chlorine, 
Cl(6), is 6.78%. 
A unit cell drawing of endrin is shown in Figure 5-
Of the calculated intermolecular distances, there is only 
one distance which might be considered significantly less 
than the sum of the van der Waal radii. This is the 
distance between C(12) and Cl(l) of the adjacent molecule 
in the c direction, 3.37^. Weak hydrogen bonds, C-H**'C1 
bonds, may connect molecules in infinite chains in the co­
direction . 
After this crystal structure investigation had been 
completed, an X-ray crystallographic structure determi-
4l 
nation of endrin was reported in J. Chem. Soc. by 
T. P. DeLacy and C. H. L. Kennard of the Department of 
Chemistry, University of Queensland, Australia. Their 
Figure 5. A unit cell drawing of endrln. The a-axls Is across the page 
from left to right, b Is up, and c_ Is looking Into the page 
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atomic coordinates for the endrin molecule are within 
two standard deviations of those determined In this 
laboratory. 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF THE 
INSECTICIDE DIELDRIN 
Introduction 
Dieldrin, a geometrical isomer of endrin, is perhaps 
the most widely used of the cyclodiene insecticides and the 
most widely publicized because of concern over environmental 
contamination by relatively stable residues in the soil. 
Dieldrin may be prepared by the Diels-Alder 
29 
condensation reactions ^ 
II 
CH3COOH 
Aldrin 
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There are two different structural formulas in the lit­
erature a 1,2,3,4,10,10-hexachlor0-6,7-epoxy-l,4,4a,5,6,7,-
8,8a-octahydro-endo-exo-l,4:5,8-dimethanonapthalene^^,32-34 
and 1,2,3,4,10,10-hexachloro-6,7-epoxy-l,4,4a,5,6,7,8,8a-
O C 
octahydro-exo-endo-1,4:5,8-dimethanonapthalene, the 
result, as with endrin, of a difference in American and 
British conventions in nomenclature. The orientation of 
the epoxide ring is not defined. 
Aldrin is converted to dieldrin in the soil and in 
plant and animal tissues.An X-ray crystallographic 
4l 
study of aldrin was completed by DeLacy and Kennard in 
1972. 
The major metabolites of dieldrin and aldrin were 
isolated from poisoned rats by Damico, Chen, Costello, and 
42 Haenni. The metabolites, two forms of Klein's metabolite, 
were postulated, on the basis of IR, Raman, and mass 
spectrometric evidence, to be the isomers I and II, varying 
CI CI 
0 
CI CI 
CI' 
I 
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in the exo- or endo- orientation of the epoxide ring. The 
question has since been raised by Benson of the 
possibility of the existence of two dieldrin structures, 
as aldrin is first converted to dieldrin in biological 
systems. 
In this crystallographic study, we hoped to establish 
the position of the epoxide ring and to provide atomic 
coordinates in the molecule for accurate model building 
as an aid in the elucidation of structure-toxicity 
relationships. 
Experimental 
Crystals of analytical grade dieldrin, m.p. 175-176°, 
were obtained from P. A. Dahm. Microscopic examination 
revealed that the crystals were needle-shaped tetragonal 
prisms with sharply defined faces. The crystals were too 
fragile to seal in thin-walled glass capillaries and were 
therefore mounted on glass fibers. Preliminary precession 
photographs showed that it would be necessary to use a 
relatively large crystal for many diffraction maxima to be 
observed. The photographs exhibited mmm diffraction 
symmetry with systematic alternate extinctions along the 
three axes h,0,0: h^^n, 0,k,0: k^2n, and 0,0,&: 5,^2n 
uniquely defining the orthorhombic space group P2^2^2^. 
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The unit cell parameters at 24° are a=38.412(12), 
b=l4.124(4), and c_=8.098(3)^. These parameters and their 
standard deviations were obtained by a least-squares fit 
to 14 independent reflection angles^ whose centers were 
determined by left-right, top-bottom beam splitting on a 
previously aligned Hilger-Watts diffractometer (Cu Ka 
radiation, X=1.54I8A). Any error in the instrumental zero 
was eliminated by centering the reflection at both +26 and 
-26. A calculated density of 1.729 g/cc for 12 molecules 
per unit cell agrees well with the observed density 1.75 
g/cc.^^ 
The fact that dieldrin crystallizes with 12 molecules 
in the unit cell, three in the asymmetric unit, is rather 
unusual. Very often when a compound crystallizes with 
more than one or two formula units in the asymmetric unit 
there are structural differences between molecules. There 
existed, therefore, a slight possibility of there having 
been cocrystallization of more than one isomer, assuming 
a eutectic melting point. The large unit cell size also 
meant that the structure was a much more difficult 
crystallographic problem than endrin, with 57 instead of 
19 non-hydrogen symmetry-unrelated atoms. Unless an 
exceedingly large amount of data could be collected, the 
data-parameter ratio would not be high enough to obtain 
meaningful least squares refinement and small standard 
deviations. 
47 
For data collection, a crystal with dimensions 
0.16 X 0.18 X 0.40 mm was mounted on a glass fiber with 
the (120) axis coincident with the phi axis of the 
diffractometer. Intensity data were taken at room 
temperature (24°) using Ni-filtered Cu Ka radiation (X= 
1.5418A) radiation on a fully automated Hilger-Watts four-
circle diffractometer equipped with a scintillation counter 
and interfaced to an SDS-910 computer in a real-time mode. 
All data within a theta sphere of 55° were measured using 
a 0-26 stepscan technique. A counting rate of 0.4096 sec 
per step was used with a variable scan range of 50 steps 
of 0.01 degree in theta plus 2 steps per degree theta. 
Stationary-counter measurements of the background were 
made at the beginning and end of each scan, with each 
background measurement being made for one-half the total 
scan time. A total of 3258 intensities were measured. 
As a check on electronic and crystal stability, three 
standard reflections were measured periodically during 
data collection. These reflections decreased slowly in 
intensity, the total decrease being 22%, and the data were 
appropriately corrected. 
The intensity data were also corrected for Lorentz-
polarization effects and for absorption (ii=108 cm~^). 
The absorption correction was calculated using the Tompa-
*57 
Alcock absorption correction program; ' the maximum 
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and minimum transmission factors were 0.30 and 0.013, 
respectively. 
Standard deviations (a^) in the intensities were 
calculated by 
= [TC + BC + (0.05 X TCy + (0.05 x BC.) = 
+(0.05 X NET):]/A: 
where TC, BC, MET, and A are the total count, background 
count, net count, and transmission factor, respectively. 
The quantities 0.05 represent estimates for non-statistical 
errors in the total count, background count, and absorption 
correction, respectively. Values for were obtained by 
the finite difference method.^ Of the 3258 measured 
intensities, the 2150 with were considered 
observed and were used in the refinement. 
Solution and Refinement 
The structure was solved using direct methods with 
the MULTAN programs of Main, e^ The 18 chlorine 
atoms, six in each of three molecules in the asymmetric 
unit, were located by an E-map based on 195 reflections 
with E>1.50, with the phases determined by application of 
39 the tangent formula of Karle and Hauptman. 
A structure factor calculation with refinement of the 
scale factor gave a conventional agreement factor (R = 
ZllP I^ - iI 1/2 1 F^l ) of 0.380. The remaining 39 light 
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atoms were located by a series of structure factor 
calculations and electron density maps, with six carbon 
atoms in particular, in one molecule, very difficult to 
distinguish in the final electron density maps. 
The structure was refined by a full-matrix least-
squares procedure using a local modification of Busing, 
O 
Martin, and Levy's OR PLS. The function minimized was 
Zw([Fg| - where w is the weight defined as l/a^CP^). 
Isotropic refinement resulted in a conventional 
discrepancy factor of 0.192 and a weighted discrepancy 
factor (wR = [ZcoClP^j - [P^D ^/SwlP'^.] ^ P) of O.I98. The 
scattering factors for C, 0, and CI are from the tables 
by Hanson, Herman, Lea, and Skillman.^^ 
Although there appeared to be some problem with 
refinement of several carbon atoms in one molecule, 
refinement of the structure was continued with anisotropic 
temperature factors for chlorine atoms and isotropic 
temperature factors for the other atoms until convergence 
at R=0.156 and wR=0.157, with the average shift/error for 
the last cycle of O.O6. The data-parameter ratios for 
isotropic and partial anisotropic refinement were 9-^ and 
6.7, respectively. A final electron density difference 
map showed no peaks greater than 1.0e~/A^. 
The final positional and thermal parameters for the 
chlorine atoms are listed in Tables 12 and 13, with the 
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Table 12. Final chlorine atom positional parameters 
(xlO^) for dieldrin 
Atom X y z 
Cl(ll) 76(3)  633(6)  8022(15) 
Cl(12) 4510(3)  3922(7)  9078(21)  
Cl(13) 805(3)  4011(9)  2544(24) 
Cl(l4) 406(3) 2238(7) 4478(17) 
01(15)  4805(3) 1837(7) 2748(13) 
Cl(l6) 503(3) 3833(8)  7591(16)  
Cl(21) 1750(3)  3484(6) 5356(16) 
Cl(22) 2340(2) 2285(7) 7527(15)  
Cl(23) 2362(2) 23(6)  6084(14)  
Cl(24) 3233(2)  219(6) 8l86( l3)  
Cl(25) 1334(2) 1951(8)  2622(14) 
Cl(26) 2083(2) 2011(7) 2448(14) 
Cl(31) 4119(2) 3928(9)  3955(22) 
Cl(32)  3723(4) 2295(11) 6351(20) 
Cl(33)  3007(2) 1563(6) 4517(16) 
01(34)  2934(3)  2636(9) 836(14) 
01(35)  3606(3)  4237(8) 357(15) 
01(36)  3842(4) 2326(9) 1307(25) 
Table 13. Final chlorine atom anisotropic thermal parameters (xlO**) for dieldrin^ 
Atom 3ii 32 2  333 3 12 313 32 3 
01(11) 13(1) 5 0 ( 5 )  3 2 4 ( 3 1 )  -2(2) -11(6) 27(11) 
01(12) 8 ( 1 )  6 8 ( 7 )  603(46) -10(2) 0(7) -13(16) 
01(13) 4(1) 1 5 3 ( 1 1 )  6 8 3 ( 5 2 )  5 ( 2 )  13(7) -39(26) 
01(14) 13(1) 5 2 ( 6 )  363(31) 8 ( 2 )  - 1 5 ( 6 )  -38(13) 
01(15) 18(1) 78(7) 146(20) 3 ( 3 )  2 ( 5 )  2 2 ( 1 1 )  
0 1 ( 1 6 )  15(1) 9 0 ( 8 )  2 8 8 ( 2 8 )  8 ( 2 )  - 3 2 ( 6 )  -37(14) 
01(21) 12(1) 43(5) 348(29) 3(2) - 5 ( 5 )  2(12) 
01(22) 8(1) 90(7) 264(24) -12(2) -6(5) -24(14) 
^The B^j are defined by: T = exp[-(h^31 2+^^3 3 3+2hk312+2hJi313 + 2kii32 3 ) ] . 
Table 13 (Continued) 
Atom B i i  32 2 B  3  3  3 1 2 3 1 3 32 3 
01(23) 6 ( 1 )  6 0 ( 6 )  3 1 4 ( 2 6 )  2 ( 2 )  - 3 ( 4 )  34(12) 
Cl(24) 9(1) 5 8 ( 5 )  192(21) -1(2) -3(4) 11(10) 
0 1 ( 2 5 )  7(1) 1 0 7 ( 8 )  190(21) 9 ( 2 )  2 ( 4 )  39(13) 
01(26) 8 ( 1 )  79(7) 2 3 9 ( 2 3 )  -3(2) 8 ( 4 )  6 ( 1 2 )  
01(31) 5 ( 1 )  128(10) 6 2 2 ( 5 0 )  -7(2) 1(6) 1 ( 2 0 )  
0 1 ( 3 2 )  16(1) 133(11) 440(40) -2(3) -33(7) 90(20) 
01(33) 8 ( 1 )  5 0 ( 6 )  3 8 3 ( 3 0 )  0 ( 2 )  - 5 ( 5 )  13(12) 
01(34) 1 2 ( 1 )  121(9) 166(23) 0(3) - 8 ( 5 )  - 2 8 ( 1 3 )  
01(35) 1 8 ( 1 )  77(7) 247(26) 6 ( 3 )  1 7 ( 6 )  4 5 ( 1 3 )  
01(36) 1 8 ( 2 )  6 5 ( 8 )  796(63) -3(3) 5 5 ( 9 )  - 3 7 ( 1 9 )  
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final carbon and oxygen positional parameters and isotropic 
temperature factors listed in Table l4. The standard 
deviations were derived from the inverse matrix. In Table 
15 are listed the observed and calculated structure 
factors. Interatomic distances and angles were calculated 
12 
using OR FFE and the variance-covariance matrix from the 
last least-squares cycle. 
Supplementary Data and Refinement 
The dieldrin structure did not refine well enough to 
give bond distances and angles of the accuracy usually 
expected from an X-ray crystallographic structure 
determination. The rather poor results could have been 
caused by one of several problems. In using direct 
methods, an incorrect phase set may have been chosen such 
that the first I8 atom positions were translated from their 
correct positions in the unit cell; we could find no 
evidence that this had happened. The dieldrin molecule is 
overall somewhat cylindrical in shape, and it may well be 
that the packing is such that one molecule can have some 
rotational disorder. It is not likely that poor data 
would preferentially affect the accurate determination of 
a part of one molecule, but due to the decomposition 
problem and large absorption correction using Cu Ka 
radiation, the data set was suspect. Accordingly, we 
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Table l4. Final oxygen and carbon atom positional and 
thermal parameters, for dieldrin^ 
Atom X y z B 
0(1) 4294(7) 6 8 2 ( 1 8 )  9428(36) 6. 6 ( 6 )  
0 ( 2 )  980(7) 572(18) 9455(37) 6. 9 ( 7 )  
0 ( 3 )  2259(10) 4420(25) 1186(49) 11. 0(10) 
C(lOl) 3 6 ( 8 )  4751(21) 5585(43) 4. 0(7) 
C(102) 355(10) 4939(28) 4 6 4 0 ( 5 2 )  5. 9 ( 9 )  
C ( 1 0 3 )  472(13) 4180(35) 3964(65) 8. 1(13) 
C(104) 234(10) 3396(29) 4471(56) 6. 5(10) 
C(105) 4854(9) 1564(22) 6295(42) 3. 8 ( 7 )  
C(106) 4862(9) 1329(23) 8231(45) 4. 6 ( 8 )  
C(107) 4444(9) 1410(23) 8 3 6 1 ( 4 6 )  4. 6 ( 8 )  
C(108) 4333(9) 4 5 6 ( 2 4 )  7 7 7 2 ( 5 0 )  5. 0 ( 8 )  
C(109) 4 6 4 6 ( 9 )  -79(23) 7349(47) 5. 6 ( 9 )  
C(llO) 4733(10) 560(27) 5 6 7 0 ( 5 2 )  6. 1(10) 
C(lll) 145(15) 3717(37) 6 3 0 9 ( 7 4 )  11. 1(16) 
C(112) 4900(9) 314(24) 8486(47) 4. 9 ( 8 )  
C(201) 1749(8) 2232(21) 5581(44) 3. ^( 7 )  
C(202) 2074(10) 1812(27) 5 9 9 2 ( 5 1 )  5. 9(10) 
C(203) 2081(9) 898(23) 5 6 0 7 ( 4 7 )  4. . 5 ( 8 )  
C(204) 1766(7) 752(17) 4594(37) 2, .2(5) 
^The positional parameters and their standard errors 
are xlO^. 
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Table l4 (Continued) 
Atom X y z B 
0(205) 1423(9)  765(25) 5721(51)  5. .5 (9)  
0(206)  1415(9) 159(24) 7513(50) 5. .5 (8)  
0(207) 1029(9) 306(23) 7866(51) 4, .9 (8)  
0(208)  1009(9) 1369(24)  8360(47)  4, .7 (8)  
0(209) 1408(8)  1697(21) 8152(40) 3. 1(7) 
0(210) 1410(8) 1809(21) 6208(40) 3 .0(7) 
0(211) 1728(10) 1776(26) 3762(51) 6 .1(9) 
0(212) 1600(8) 755(21) 8621(41) 4 .1(8) 
0(301) 3695(14)  3593(39)  3623(73)  9 .7(15) 
0(302) 3564(15) 2845(40) 4574(74) 10 .7(15) 
0(303) 3235(13) 2472(32) 3819(63) 8  .5(12) 
0(304)  3217(10) 3069(26) 2349(53) 6 .3 (9)  
0(305) 3054(19) 4052(48) 3048(89) 14 .4 (21)  
0(306)  2788(10) 4110(25)  4558(51) 5 .3 (9)  
0(307)  2811(18) 5350(47) 4 5 2 8 ( 9 0 )  13 .5(20) 
0(308)  1906(12)  4435(30) 485(60) 7 .4(11) 
0(309)  3309(15) 4674(39) 5858(71) 10 .9(15) 
0(310) 3411(13)  4391(34)  3758(65) 8 .9(14) 
0(311) 3609(11) 3333(30) 1924(58) 6 .9(11) 
0(312) 3004(10) 3984(25) 6054(49) 5 .4 (9)  
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Table 15. Observed, and calculated structure factors 
(in electrons xlO) for dieldrin 
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decided to collect data on a second dieldrin crystal in an 
attempt to minimize these effects. 
Data were collected on a new diffractometer designed 
and built in the Ames Laboratory. Peak height data were 
collected using MoKa radiation (y=11.7 cm~^) on a crystal 
of dimensions 0.12 x 0.17 x 0.38 mm at the rate of 100 
reflections/hr by the method described by Johnson and 
he: 
Jacobson. A total of 2413 intensity data were collected, 
with there being no observable decomposition of the 
crystal. 
The structure was refined with the new intensity 
data (the 1^54 data with F^>3crp) to final isotropic 
convergence at R=0.1l8 and wR=0.132. The data-parameter 
ratio for isotropic refinement was 6.4, which is low, and 
O 
the average standard deviation in bond lengths was 0.05A. 
As in the refinement of the structure with the first 
set of data, the atoms with the highest temperature 
factors (C301, C302, C305, C307, C308, C309, 03 and C I 3 6 )  
were all in the third molecule. This tends to make us 
believe that there is some rotational disorder of the third 
molecule in the solid state, and that any further work on 
the dieldrin structure would be unproductive. 
The atom positions, distances, and angles reported 
are those obtained from refinement of the structure with 
the first set of data. 
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Discussion 
The three crystallographically unique dieldrin 
molecules have the same molecular structure. The dieldrin 
molecule is shown in Figure 6 where it can be seen that 
the epoxide ring is exo with respect to the non-chlorinated 
norbornene ring. The structural formula should be written 
1,2,3,4,10,10-hexachlor0-6,7-exo-epoxy-l,4,4a,5,6,7,8,8a-
octahydro-endo-exo-1,4:5,8-dimethanonapthalene. 
Bond distances and angles for the three molecules in 
the asymmetric unit are given in Tables l6 and 17 and the 
bond distances are also presented in Figure 7 for 
comparison of the three molecules. The errors associated 
with the distances and angles are quite large, and 
extensive discussion is probably not worthwhile. 
Within standard deviations, the molecule appears to 
be symmetric with respect to the non-crystallographic 
mirror plane which bisects the two methano bridges 
with the exception of the angles describing fusion of the 
two norbornene rings. These are C(104)-C(105)-C(106), 
c ( 2 0 9 ) - c ( 2 1 0 ) - c ( 2 0 1 ) ,  C ( 3 0 9 ) - C ( 3 1 0 ) - C ( 3 0 1 ) :  1 1 2 ( 3 ) ,  
112(3) and 112(4)° on one side; and C(109)-C(110)-C(101), 
C(204)-C(205)-C(206), C(304)-C(305)-C(306): 120(3), 
124(4), and 121(3)°, respectively, on the other side of 
4l the "mirror". In the aldrin structure these two angles 
are both 122° and the molecule does look more symmetrical. 
Figure 6. View of the dieldrln molecule, l,2,3,4,10,10-hexachloro-6,7-
exo-epoxy-1,^^4a,5,6,7,8,8a~octahydro-endo-exo-l,4: 5,8-
dimethanonapthalene 
Cl(22) 
CI{2I) 
Table 16. Bond distances for die.ldr.in .(A) 
(a) Molecule 1 
C(lOl) -0 (102)  1. 47(4 )  0(111). -0(104) 1. 59(6 )  
0 (102)  -0 (103)  1. 28(5 )  0(111) -0 (101)  1. 63(5 )  
0 (103)  -0 (104)  1. 49(5 )  0(112) -0 (106)  1. 46(4 )  
0 (104)  -0 (105)  1. 59(5 )  0(112) -0 (109)  1. 45(4 )  
0 (105)  -0 (106)  1. 60(4 )  0(107) -0 (1 )  1. 46(4 )  
0(106) -0 (107)  1. 61(4 )  0 (108)  -0 (1 )  1. 38(4 )  
0(107) 
00 0
 
1—1 0
 1 1. 49(4 )  0(101) -01(11) 1. 73(3 )  
00 0
 
1—1 0
 -0(109) 1. 46(4 )  0 (102)  -01(12) 1. 75(4 )  
o
\ 0
 
1—1 0
 -0(110) 1. 66(5 )  0(103) -01(13) 1. 74(5 )  
0 (110)  -0(101) 1. 61(4 )  0(104) -01(14) 1. 76(4 )  
0 (105)  -0 (110)  1. 57(4 )  0(111) -01 (15)  1. 71(5 )  
0(111) -01(16) 1. 73(5 )  
(b) Molecule 2 
0(201)  -0 (202)  1. 42(4) 0(211) 
•
=
r
 0
 
CM 0
 1. 60(4 )  
0 (202)  e
n
 0
 
CM 0
 1 1. 33(4) 0(211) -0(201) 1. 61(5 )  
0 (203)  1 0
 
ro
 
0
 
1. 48(4 )  0(212) -0(206) 1. 42(4) 
0(204)  -0 (205)  1. 60(4 )  0 (212)  - 0 ( 2 0 9 )  1. 57(4 )  
0 (205)  -0(206) 1. 68(5 )  0(207) -0 (2 )  1. 35(4 )  
0 (206)  -0(207) 1. 52(4) 0
 
ro
 
0
 
0
0
 
-0(2) 1. 43(4) 
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Tab le 1 6  ( Continued) 
(b) Molecule 2 
C(207) -0(208) 1. 56(4) 0(201) -01(21) 1. 78(3) 
C(208) -0(209) 1. 61(4) 0(202) -01(22) 1. 74(4) 
C(209) -0(210) 1. 58(4) 0(203) -01(23) 1. 68(3) 
0(210) -0(201) 1. 52(4) 0(204) -01(24) 1. 78(3) 
0(205) -0(210) 1. 53(4) 0(211) -01(25) 1. 79(4) 
0(211) -01(26) 1. 76(4) 
(c) Molecule 3 
0(301) -0(302) 1 .  40(6) 0(311) -0(304) 1 .  59(5) 
0(302) -0(303) 1 .  5 0 ( 6 )  0(311) -0(301) 1 .  46(6) 
0(303) -0(304) 1 .  46(5) 0(312) - 0 ( 3 0 6 )  1 .  48(4) 
0(304) - 0 ( 3 0 5 )  1 .  62(7) 0(312) -0(309) 1 .  53(6) 
0(305) - 0 ( 3 0 6 )  1 .  60(7) 0(307) -0(3) 1 .  41(6) 
0(306) -0(307) 1 .  75(7) 0 ( 3 0 8 )  -0(3) 1 .  47(5) 
0(307) - 0 ( 3 0 8 )  1 .  37(7) 0(301) -01(31) 1 .  72(5) 
0(308) -0(309) 1. 53(6) 0(302) -01(32) 1. 75(5) 
0(309) -0(310) 1. 79(7) 0(303) -01(33) 1 .  65(4) 
0(310) -0(301) 1. 57(6) 0(304) -01(34) 1. 75(4) 
0(305) -0(310) 1. 57(7) 0 ( 3 1 1 )  -01(35) 1. 80(4) 
0(311) -01(36) 1 .  75(4) 
Table 17. Bond angles for dleldrln (deg) 
(a) Molecule 1 
C(101 -0(102 -0(103) 111(4) 0(105 -0(104) -0(111) 99(3) 
0(102 -0(103 -0(104) 107(4) 0(102 -0(101) -0(111) 98(3) 
0(103 -0(104 -0(105) 115(3) 0(110 -0(101) -0(111) 100(3) 
0(104 -0(105 -0(106) 112(3) 0(108 -0(107) -0(1) 56(2) 
0(105 -0(106 -0(107) 92(3) 0(107 1 o
 
H
 
O
 00
 
-0(1) 61(2) 
0(106 -0(107 -0(108) 102(2) 0(107 -0(1)-C(108) 63(2) 
0(107 -0(108 -0(109) 108(3) 01(11 -0(101) -0(110) 116(2) 
0(109 -0(110 -0(101) 121(3) 01(11 -0(101) -0(102) 114(2) 
0(110 -0(101 -0(102) 109(3) 01(12 -0(102) -0(101) 123(3) 
0(104 -0(111 -0(101) 89(3) 01(12 -0(102) -0(103) 124(3) 
0(106 -0(112 -0(109) 103(3) 01(13 -0(103) -0(102) 131(4) 
0(104 -0(105 -0(110) 100(3) 01(13 -0(103) -0(104) 122(3) 
0(106 -0(105 -0(110) 98(3) 01(14 -0(104) -0(103) 117(3) 
0(101 -0(110 -0(105) 104(3) 01(14 -0(104) -0(105) 112(2) 
0(109 -0(110 -0(105) 107(3) 01(14 -0(104) -0(111) 110(3) 
0(110 -0(109 -0(112) 100(3) 01(11 -0(101) -0(111) 118(3) 
0(108 -0(109 -0(112) 102(3) 01(15 -0(111) -0(104) 117(4) 
0(105 -0(106 -0(112) 110(3) 01(15 -0(111) -0(101) 112(3) 
0(107 -0(106 -0(112) 99(3) 01(16 -0(111) -0(104) 115(4) 
0(103 -0(104 -0(111) 100(4) 01(16 -0(111) -0(101) 110(3) 
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Table 17 (Continued) 
(b) Molecule 2 
C(201)-C(202)-C(203) 
C(202)-C(203)-C(204) 
C(203)-C(204)-C(205) 
C(204)-C(205)-C(206) 
C(205)-C(206)-C(207) 
C(206)-C(207)-C(208) 
C(207)-C(208)-C(209) 
C(209)-C(210)-C(201) 
C(210)-C(201)-C(202) 
C(204)-C(211)-C(201) 
C(206)-C(212)-C(209) 
C(204)-C(205)-C(210) 
C(206)-C(205)-C(210) 
C(201)-C(210)-C(205) 
C(209)-C(210)-C(205) 
C(210)-C(209)-C(212) 
C(208)-C(209)-C(212) 
C(205)-C(206)-C(212) 
C(207)-C(206)-C(212) 
C(203)-C(204)-C(211) 
112(3) C(205)--0(204). -0(211) 99(2 )  
104(3 )  0(202)--0(201). -0(211) 95(3 )  
111(2) 0(210). -0(201)  -0(211) 96(2 )  
120(3) 0(208) -0(207)--0(2) 58(2) 
96(3 )  0(207) -0(208) -0(2) 54(2 )  
103(3) 0(207) -0(2)-C(208) 68(2 )  
102(2) 01(21) -0(201) -0(210) 115(2) 
112(3) 01(21) -0(201) -0(202) 116(2) 
121(3) • 01(22) -0(202) -0 (201)  121(3) 
89(2 )  01(22) -0 (202)  -0(203) 122(3 )  
97 (2 )  01(23) -0 (203)  -0 (202)  132(3 )  
101(2) 01(23) -0 (203)  -0(204) 123(2) 
106(3) 01(24) -0 (204)  -0(203) 117(2) 
106(2) 01(24) -0(204) -0(205) 112(2) 
99(3 )  01(24) -0(204) -0(211) 115(2 )  
109(3) 01(21)  -0(201) -0(211) 108(2) 
100(2) 01(25) -0(211) -0(204) 115(2) 
103(2 )  01(25) -0(211) -0(201) 117(2) 
107(3) 01(26)  -0(211) -0(204) 111(2) 
100(2) 01(26)  -0(211) -0 (201)  116(2 )  
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Table 17 (Continued) 
(c) Molecule 3 
0(301 -0(302 -0(303) 110(5) 0(305  -0(304 -0(311) 104(3) 
C(302  -0(303 -0(304) 100(4) 0(302 -0 (301  -0(311) 104(4) 
C(303  -0(304 -0(305) 103(4) C(310  -0 (301  -0(311) 95(4 )  
0(304 -0(305 -0(306) 124(4) 0(308 -0 (307  -0 (3 )  64(4) 
0(305 -0(306 -0(307) 90(4) 0(307 -0(308 -0(3) 59(3 )  
0(306 
-0(307 -0(308) 105(4) 0(307 -0(3)-0(308) 57(3) 
C(307 -0(308 -0(309) 111(4) 01(31 -0(301 -0(310) 117(4) 
0(309 -0(310 -0(301) 112(4) 01(31 -0(301 -0(302) 118(4) 
0(310  -0(301 -0(302) 105(4) 01(32 -0(302 -0(301) 131(4) 
0(304  -0(311 -0(301) 94(4 )  01(32 -0(302 -0(303) 118(4) 
0(306 -0 (312  -0(309) 105(3) 01(33 -0(303 -0(302) 125(4) 
0(304 -0(305 -0(310) 93(4 )  01(33 -0(303 -0 (304)  135(4) 
0(306 -0(305 -0(310) 105(4) 01(34 -0(304 -0(303) 113(3 )  
0(301 -0(310 -0(305) 111(4) 01(34  -0(304 -0(305) 107(3) 
0(309 -0 (310  -0(305) 103(4) 01(34 -0(304 -0(311) 121(3 )  
0(310 -0 (309  -0(312) 97(4) 01(31 -0(301 -0(311) 115(4) 
0(308 -0(309 -0(312) 98(4 )  01(35 -0(311 -0(304) 108(3) 
0(305 -0(306 -0(312) 105(3) 01(35 -0(311 -0(301) 119(3) 
0(307 -0 (306  -0 (312)  96 (3 )  01(36 -0(311 -0(304) 111(3) 
0(303 -0(304 -0(311) 106(3) 01(36 -0(311 -0(301) 111(4) 
Figure 7- Bond distances (&) in the three 
crystallographically unique dieldrin 
molecules. The standard deviations in 
the bond lengths range from 0.04-0.07A 
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Many of the bond angles in dieldrin deviate appreciably 
from trigonal or tetrahedral geometry, and is likely due to 
strain in the methano-bridged ring system. The average C-C 
single bond length is 1.57&, which is comparable to an 
average I.56& in the endrin molecule. 
The overall shape of the molecule is somewhat 
cylindrical with the five chlorine atoms C1(1)-C1(5) 
describing the maximum circumference of the cylinder. 
Dieldrin is more elongated than endrin, with the length of 
the molecule, from the epoxide oxygen to a bridgehead 
chlorine, Cl(26), 7.36%.. The longest distance across the 
approximate mirror plane, Cl(21) to Cl(24), is 5.52&. 
The comparable distances in endrin are 6.78 and 5.^7^, 
respectively. 
The distances between the midpoints of the C(202)-
C(203) double bond and the C(207)-C(208) bond is 4.5^A. 
In the aldrin molecule, this distance is 4.77^, and in 
endrin, 2.83&. If these two electronegative centers are 
important in the biological activity of these compounds, 
it may be significant that the two centers are much 
further apart in dieldrin and aldrin than in the endrin 
molecule. 
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X-RAY AND WHITE RADIATION NEUTRON DIFFRACTION STUDIES OF 
OPTICALLY ACTIVE POTASSIUM ANTIMONY TARTRATE, 
KzSbzCd-C^HzOg)z'SHzO (TARTAR EMETIC) 
Introduction 
Optically active potassium antimony tartrate, dipotas-
sium di-ii-tartrato(4)-bis(antimonate(III) ) trihydrate, is 
widely used in medicine for various parasitic diseases (as 
"tartar emetic"), as a mordant in dyeing, and to a limited 
extent, as an insecticide. Evidence for dimeric complex 
anions (tartrato(4)-bridged binuclear complexes) in this 
compound has recently been established on the basis of 
several X-ray structural investigations. These include the 
racemic salt, KaSba (d,].-CitH206) (NH4)2Sb2(d-
47 CiiHaOe) a'SHaO, and an incomplete structural investigation 
2i g 
of the optically active form, KaSbz(d-CtjHaOe) 2*3H2O. In 
the latter study, the atom positions were located from 
electron density projections (from 690 film data) and with 
no refinement of atomic coordinates. 
Previous to these studies several structural formulas 
had been advanced for optically active potassium antimony 
tartrate, the most widely accepted being the Reihlen and 
49 Hezel structure 0 — C — 0 
t \ 
C — 0 — Sb — OH 2 
I 
COO" 
K+ 
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A water molecule occupying a coordination site on the anti­
mony atom was believed to ionize in solution, thus account­
ing for the acidic properties of tartar emetic solutions. 
Because of our interest in the coordination geometry of 
antimony compounds, the elongation of X-Sb-X bonds trans to 
one another and lone pair effects, if any, we have completed 
a more accurate X-ray structural investigation on this 
compound incorporating a full-matrix least-squares refine­
ment procedure. In addition, a neutron diffraction study 
using the white radiation neutron diffraction technique was 
undertaken to produce additional information on" hydrogen 
atom positions and hydrogen bonding of the water molecules 
in the structure. 
Experimental 
Single crystals of KjSbaCd-CitHaOe) a'SHaO were obtained 
by recrystallization of the commercially available compound 
from an aqueous solution. Preliminary Weissenberg and pre­
cession photographs exhibited mmm diffraction symmetry, 
indicating an orthorhombic space group. The systematic 
absences hkS- when h + k ^ 2n and 002 when 2 / 2n uniquely 
determined the space group 0222%. The unit cell parameters 
at 25°C are a = 11.192(2), b = 11.696(3), and c = 
25.932(5)A, which agree well with those found by Kiosse, 
50 Golovastikov, and Belov. The unit cell parameters and 
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their standard deviations were obtained by a least squares 
fit to 12 independent reflection angles whose centers were 
determined by left-right, top-bottom beam splitting on a 
previously aligned Hilger-Watts four-circle diffractometer 
(Cu Ka radiation, X=1.54i8A), Any error in the instrumental 
zero was eliminated by centering the reflection at both +20 
and -20. The calculated density (2.606 g/cc) for eight 
dimers per unit cell agrees quite well with the observed 
iiii 
density of 2.607 g/cc. 
In these studies preliminary to data collection there 
was a definite decomposition of the crystals which appeared 
to be due to loss of HgO from the crystalline lattice. 
Freshly prepared crystals were clear with sharply defined 
faces; however, the faces became less sharply defined and 
coated with a white powder after 2-3 days exposure to X-rays 
or several days exposure to the atmosphere. A neutron 
activation analysis for oxygen content was performed in this 
laboratory. The results were consistent with three water 
molecules per dimer for freshly prepared crystals, but 
showed definite water loss on exposure to the atmosphere 
prior to analysis. 
For data collection, a crystal with approximate dimen­
sions 0.20 x 0.20 X 0.20 mm was mounted on a glass fiber 
with the 2 axis coincident with the spindle axis and well-
coated with Duco cement glue to retard decomposition. 
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Intensity data were taken at room temperature (24°) using 
Zr-filtered Mo Ka(X=0.71069A) radiation on a fully-automated 
Hllger-Watts four-circle diffractometer equipped with a 
scintillation counter and interfaced to an SDS-910 computer 
in a real-time mode. 2779 Intensities were measured by 
counting at the peak center (8^^^) for ten seconds with two 
five second background counts at (0.25 + (0.01 x 
6hki))' No dependence on chi or phi was observed. For 
conversion of peak height to integrated data, some inte­
grated intensities were taken by the stepscan (moving 
crystal-moving counter) technique^ and a conversion table 
was prepared by plotting the integrated-peak height ratios 
as a function of theta. 
As a general check on electronic and crystal stability, 
the intensities of three standard reflections were measured 
periodically during data collection. These reflections 
decreased slowly in intensity, the total decrease being 9%', 
such a decrease was felt to be quite acceptable and the 
data were appropriately corrected. 
The intensity data were also corrected for Lorentz-
polarization effects. The linear absorption coefficient, 
y, is 38.8 cm~^. Because of the nearly spherical shape of 
the crystal, the transmission factor was almost a constant, 
0.46 - 0.47, so that an absorption correction was not 
considered necessary. Standard deviations (Cj) in the 
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intensities were estimated from the total count (TC) and 
background count (BC) by 
(C].): = TC + BC + (0.05 x TC.) ^ + (0.05 x 50) = , 
with the last two factors representing estimates for non-
statistical errors in the total count and background count, 
respectively. Values for Cp were obtained by the finite 
difference method.^ Of the 2779 reflections measured, the 
260 4 which had Pg>2.5Cp were considered observed and were 
used in the refinement. 
In order to obtain further information on the water-
molecule positions and on the hydrogen bonding in the solid 
state, neutron diffraction data were also collected. 
Single crystals of KzSba (d-Ci^HaOs ) 2 • 3H2O were grown by 
slow evaporation from an aqueous solution. A small crystal 
of dimensions 2.3 x 1.9 x 1.2 mm was mounted with Duco 
cement on a thin vanadium rod. The crystal and rod were 
then encapsulated in a quartz capillary, with a small piece 
of wetted tissue at the end of the capillary to inhibit 
decomposition of the crystal by loss of H2O. The crystal 
was aligned with (110) coincident with the spindle axis by 
precession techniques using Mo Ka radiation. 
Neutron diffraction data were taken using the white 
radiation neutron diffraction technique developed in this 
laboratory. The experimental arrangement at the 5 M.W. 
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where. * The intensity data were taken on a previously 
aligned four-circle E. and A. diffractometer interfaced to 
a DATEX controller and to the same SDS-910 computer as used 
for collection of X-ray data. The orientation of the 
crystal was determined by using top/bottom left/right beam 
splitters to tune on three reflections with 2 6 fixed. 
The intensities were measured at points along Laue 
streaks at theta values calculated from the Bragg equation 
nA=2dsin6 in increments of X = 0.65A with X initialized at 
1.3A. (The maximum in the effective flux occurs near 1.3&.) 
Data for one octant were collected in the range 0 = 7.50° 
to 0 = 45°. The counting period for each intensity was set 
by 8 X 10^ monitor counts of the incident beam as detected 
by a fission counter. As a check on crystal, flux, 
and electronic stability, the intensities of three standard 
reflections were measured between every 20 streaks, with 
the maximum deviation in any standard found to be only 2 % .  
A total of 1766 intensities were measured along 1047 Laue 
streaks. 
Background counts for the same counting period as the 
intensity data were taken on each side of the Laue streak 
at omega offsets of ±0.75° for the first 200 data points. 
A smooth curve was obtained for the background (the sum of 
the two background measurements) as a function of 20. The 
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observed intensity (1^) was then calculated from the peak 
height (PH) and the background curve (BG) by 
= PH - 0.5(BG), 
and the standard deviation (a^) in the intensity was 
calculated by 
0^2 = PH + 0.25(BG) + (0.02(1^)):. 
The linear attenuation coefficient was calculated from 
hydrogen incoherent scattering and true absorption^^ by 
y(X) = (0.894 + 0.025(1 Qgo - l))cm' 
which is adequate for the wavelength range 0.7& to 3.0&. 
The transmission factor may be calculated from the expansion 
about X 
o 
T(X)  =  T (A^ )  +  - ^1^  2  ÏÂT 'X  *  
o o 
The maximum and minimum transmission factors at X^(X^=1.08A) 
are 90% and 8l%, respectively. The effect of higher order 
terms, evaluated for transmission at other wavelengths, has 
cp 
been shown by Hubbard, Quicksall and Jacobson^ to be 
relatively small. 
Due to the small size of the crystal, a large percent­
age of Intensity data were essentially at background level. 
Of the 1766 measured intensities, there were only 300>3cfj. 
Although few in number, we felt they would be sufficient 
for computation of a Fourier map and for locating the 
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hydrogen atoms and the orientation of hydrogen 0-H 
bonds. 
Solution and Refinement 
In order to have an independent comparison with the 
48  
work of Hsiang-Ch'i Mu, the antimony atom positions were 
determined from an unsharpened Patterson map, and the 
other atom positions from subsequent structure factor 
calculations and electron density maps. All atoms are in 
general positions with the exception of the potassium atoms, 
eight of which occupy general positions and eight occupy 
two fourfold sets on the twofold axes. In the electron 
density maps one of the three H2O oxygen atom peaks was 
of comparable size with the other oxygen peaks in the map, 
while the other two were barely distinguishable above 
background. The positional coordinates of these second 
two H2O oxygen atom positions differed from the coordinates 
reported by Hsiang-Ch'i Mu, with there being no observable 
residual electron density at the Hsiang-Ch'i Mu positions 
even after later refinement of the structure. 
The structure was refined by a full-matrix least-
squares procedure using a local modification of Busing, 
o 
Martin, and Levy's OR FLS with isotropic temperature 
factors to a conventional discrepancy factor (R = Z||P^[ -
|F^||/z1p^|) of 0.139 and a weighted discrepancy factor 
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(wR = [ZwdP^I - iP^ljZ/ZwlFglzif) of 0 . 1 8 7 .  The function 
minimized was Za)( ( ( -1[ ) ^ where w is the weight defined 
as l/a^(P^), The scattering factors for Sb, 0, C, and K"*" 
Q 
are from the tables by Doyle and Turner.^ The antimony and 
potassium scattering factors were modified by the real and 
imaginary parts of anomalous scattering^^ and refinement 
was continued with anisotropic temperature factors. The 
two H2O oxygen atoms which were low peaks in the electron 
density map were refined at half occupancy with isotropic 
temperature factors of 4.00 and 5.25. We interpret "half-
occupancy" not as disorder, but rather that time-averaged 
over the period of the experiment half of these molecules 
were lost from the crystal. 
The observed intensities by white radiation neutron 
diffraction are given by 
where k is the scale factor, is the effective flux, 
T is a transmission factor, y is an extinction correction, 
C51 is the structure factor, and = 2d^, sine, 
nh n nh 
Approximate structure factors were obtained by the 
linear programming technique discussed by Hubbard, 
Qulcksall, and Jacobson. Values for the scale factor k 
and flux parameters PI (Maxwellian constant) and P2 
(absorption constant) were 500, 2.55, and 0.30, 
respectively. The derived F*s were assigned phases of 
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structure factors calculated by using neutron scattering 
54 factors and the heavy atom positional coordinates and 
anisotropic temperature factors from the X-ray determi­
nation. A scale factor was refined and a conventional 
agreement factor (R = Z]]|-[||/E]1) of 0.45 was 
obtained. 
A Fourier calculation (with grid resolution 0.17 x 
0.l8 X 0.20A) clearly revealed the tartrate hydrogen 
positions, hydrogen atoms of one water molecule, with the 
hydrogen atoms of the other two water molecules (which had 
been refined at partial occupancy in the X-ray study) less 
clearly defined. Because of the large parameter to data 
ratio and because of the partial occupancy of some of the 
water molecules, full-matrix least-squares refinement 
using the neutron data did not appear worthwhile. Previous 
experience has shown that hydrogen atom positions taken 
from a Fourier map average within 0.17% of their correct 
least-squares positions. The hydrogen atom positions 
estimated from the Fourier map are listed in Table 18. 
Several least squares cycles were run, however, not 
varying the atom positions in the initial model to refine 
the flux and scale factors. Weighted agreement factors of 
the form 
Rj^ = _ i^calC)2/zw^(i^obS)2}j. 
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Table l8. Approximate hydrogen atom positions determined 
by white radiation neutron diffraction for 
KzSbzCd-CtHzOsjz'SHzOa 
Atom X y z 
H(2) 0.4516 0.4375 0.1758 
H(3)  0 . 3 8 1 2  0.3359 0 . 2 3 2 0  
H(12) 0 . 1 5 6 2  0.1359 0 . 0 1 2 5  
H(13) 0 . 0 1 8 8  0 . 1 1 7 2  0 . 0 7 2 7  
H(Wla) 0.3750 - 0 . 2 3 5 9  0 . 0 8 2 0  
H(Wlb) 0 . 2 5 1 6  - 0 . 1 8 7 5  0.0758 
H(¥2a) 0.3672 - 0 . 2 3 9 1  0.1578 
H(W2b) 0.2453 -0.2641 0 . 2 0 1 6  
H(W3a) 0.3562 -0.0359 0 . 1 5 0 0  
H(V3b) 0.4531 0.0531 0 . 1 5 0 0  
The hydrogen atoms are labeled according to the 
C atom to which they are bonded. For example, H(2) is 
bonded to C(2). 
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where = 1/a^^ were R = 0.192 for (^00 
intensities) and R = 0.234 for all data (1766 intensities) 
with final scale and flux parameters k = 7.86, PI = 2.50, 
and P2 = 0.56. A listing of observed and calculated 
intensities is given in Table 19. 
Refinement of the original structure with X-ray data 
was continued with addition of the hydrogen atom positions 
with X-ray scattering factors.Convergence was reached 
at R = 0.078 and wR = 0.100 with the average shift/error 
for the last cycle of 0.01. In a final electron density 
difference map, all peaks above 1.0e~/S.^ (which ranged up 
to 3.4e"/&3) lay in concentric spheres about the antimony 
atoms and were probably due to termination effects in the 
Fourier series. 
Least squares refinement of the enantiomorph ((x,y,z)->-
(-x,-y,-z); yielded higher agreement factors, R = O.O8O and 
wR = 0.102, which indicates that the absolute configuration 
is that of the d-tartaric acid dimer. 
The observed and calculated structure factors are 
given in Table 20. The final positional and thermal 
parameters and standard deviations of the heavy atoms as 
derived from the inverse matrix of the final least squares 
cycle are given in Tables 21 and 22. Interatomic distances 
and their deviations were calculated using OR PFE and the 
variance-covariance matrix from the last least squares 
cycle. 
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Table 19. Listing of neutron diffraction intensities, 
jobs and icalc^ for KgSbz(d-C^HzOe)2'SHzO 
a# 
:§i E 
,z 
FJZJ5 
;i ; 
!:;S '% 51 
L=.=uZ 
rû-il'S !;5i in in ilr. ! .i:i 
::!s ;; 
:;r.. 
':z 1: 
ÛKiH:: ;:;s 
1:% i.". 
iiK'llJii 
!5!5 Lr./: !:z :: 
::r: :i: va 
rC-I-::: 
nP::!!::: i:5 ;;i 
xr..T,z :i 
::s 
83 
Table 19  (Continued) 
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Table 20. Observed and calculated structure factors 
(in electrons xlO) for RgSbg(d-C^HzOg)2'SHzO 
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Table 21. Final heavy atom positional parameters (xlO^) 
for KzSbzCd-CtHzOsiz'SHzO 
Atom X y z 
Sb(l) 3788(1) 3369(1)' 487(0) 
Sb(2) 1272(1) 1 7 9 0 ( 1 )  1955(0)  
K(l) 3664(4) 0 0 
K(2) 0 5784(5) 2 5 0 0  
K(3) 3464(4) 634(4) 3938(2) 
0(1)  4989(9) 2496(8) 988(4) 
0(2) 3396(10) 4083(9)  1165(4)  
0(3) 5679(9) 2420(10) 1791(5)  
0(4) 3024(10) 2 1 5 6 ( 1 0 )  1943(5) 
0(5) 1221(11) 3585(13) 2059(5) 
0(6) 2393(13) 5086(14) 2 1 8 0 (7)  
0(11) 1969(10) 3938(9) 339(5) 
0(12) 2879(9) 1926(8) 528(4) 
0(13) 134(13) 3277(11) 162(7)  
0(14) 794(12) 2232(12) 1244(5)  
0(15) 1855(13) 3075(11) 1491(5) 
0(16) 1689(14) -407(10) 714(5)  
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Table 21 (Continued) 
Atom X y z 
C(l) 5011(12) 2816(11) 1452(5) 
C(2) 4103(13) 3768(12) 1583(5) 
C(3) 3312(13) 3283(11) 2039(4) 
C(4) 2275(16) 4090(15) 2095(6) 
c(ll) 1237(16) 3148(12) 286(6) 
0(12) 1624(12) 1924(11) 396(5) 
C(13) 912(12) 1433(14) 853(8) 
C(l4) 1561(15) 349(13) 1031(10) 
0(W1) 2948(12) -2563(14) 747(7) 
0(W2) 3291(31) -2421(29) 1854(12) 
0(W3) 4441(30) -191(32) 1393(12) 
Table 22. Final heavy atom thermal parameters (xlO"*) for KzSba (d-C^HaOe ) 2 • 
Atom 3ii 322 333 312 313 323 
Sb(l) 47(1) 27(0) 8(0) 1(1) 3(0) 2(0) 
Sb(2) 54(1) 72(1) 14(0) -13(1) 14(0) -2(1) 
K(l) 44(3) 42(3) 26(1) 0 0 -12(1) 
K(2) 64(4) 56(4) 18(1) 0 12(2) 0 
K(3) 77(3) 56(3) 22(1) -30(3) 1(1) 8(1) 
0(1) 29(6) 43(6) 15(2) 7(6) 3(3) 2(3) 
0(2) 5 0 ( 8 )  39(7) 12(2) 24(6) -5(3) -4(2) 
0(3) 31(7) 60(8) 16(2) 8(6) -6(3) -5(3) 
0(4) 39(7) 48(7) 16(2) -1(6) 11(3) 0(3) 
0(5) 59(9) 90(11) 18(2) 16(10) 6(4) -8(4) 
0(6) 75(11) 67(10) 28(3) 1 8 ( 1 0 )  8(5) -12(5) 
0(11) 61(9) 30(6) 17(2) 19(7) -7(4) 2(3) 
^The are defined by: T = exp[-(h^31 i+k^3 2 2+A^3 3 3+2hk3 12+2h)l313+2k)l3 2 3 ) ] . 
For 0(W2) and 0(W3)> only the Isotropic temperature factors (xlO°) are given 
(under 311). 
Table 22 (Continued) 
Atom 3ii 322 633 3I2 313 323 
0 ( 1 2 )  41(7) 28(5) 1 2 ( 1 )  4(5) -2(3) 4(2) 
0(13) 95(13) 6 2 ( 1 0 )  33(4) 29(11) -34(6) -9(5) 
0(14) 6 8 ( 1 0 )  6 6 ( 1 0 )  1 6 ( 2 )  7(8) 9(4) 5(4) 
0(15) 93(12) 71(10) 12(2) -22(10) 2(4) 8(4) 
0 ( 1 6 )  98(13) 41(8) 17(2) -10(8) 1(4) -5(3) 
0(1) 33(8) 32(8) 1 1 ( 2 )  -1(7) 4(3) 1(3) 
0(2) 41(9) 36(8) 11(2) -12(7) 3(3) 4(3) 
0(3) 57(10) 37(8) 6(1) 27(8) 2(3) 2(3) 
0(4) 61(13) 69(13) 9(2) 1 6 ( 1 0 )  5(4) -3(4) 
0(11) • 76(14) 37(9) 14(2) 27(11) -16(5) -5(3) 
0(12) 44(9) 33(8) 8(2) 19(7) 0(3) -1(3) 
0(13) 24(9) 51(11) 23(3) -4(8) 5(4) 6(5) 
0(14) 43(11) 33(10) 30(5) -13(8) 8(6) -3(5) 
0(W1) 53(10) 79(12) 28(3) 9(9) 10(5) 6(5) 
0 ( W 2 )  4.8(6) 
0(W3) 5.3(6) 
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Discussion 
In the unit cell of KzSba (d-C^tHaOe ) 2'SHaO (Figure 8) 
are eight antimony-tartrate dimers. The dimers are tartrato-
(^)-bridged binuclear complexes in which the two antimony 
atoms are each coordinated to a carboxyl oxygen atom and an 
a-hydroxyl atom from two tartrate groups. Racemic potassium 
antimony tartrate, KzSbz(d,I-C4H2O6)2'SHzO crystallizes 
in space group Pca2^ and contains a mixture of 
Sba (d-CitHaOg ) 2~^ and Sba (I-C4H2O6 ) 2"^ isomers, two ^  and 
two groups per unit cell.^^ ' In a review of tartrate 
complexes, Tapscott, Belford and Paul^^ have shown that a 
dl dimer is unstable with respect to ^  and ^  dimers 
because of steric effects. 
The tartrato-(4)-bridged binuclear complex is shown in 
Figures 9 and 10, where it can be seen that the complex 
possesses approximate Dg point symmetry. The tartrate 
quadridentate ligands form four five-membered nearly planar 
rings with the two antimony atoms, with dihedral angles 
between tartrate ligands at the antimony atoms of 99°• The 
least squares planes are given in Table 23. 
Bond distances and angles in the antimony-tartrate 
dimer are given in Table 24. In general, these form a very 
consistent set of distances and angles related by the three 
non-crystallographic twofold rotation axes. The carboxylic 
acid carbon-oxygen bond distances where oxygen is also 
Figure 8. A stereo view of the KzSk^fd-C^HzOgïz'SHzO unit cell. It is viewed 
looking down the b axis with a up and across the page 
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Figure 9. The SbzCd^C^HzOg)!"^ anion in optically active 
potassium antimony tartrate 
Figure 10. A stereo view of the antimony-tartrate dimer 
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Table 23. Least squares, planes for K2Sb2 (d-C4H206 ) 2 «SHzO^ 
(i) Sb(l), 0(2), C(2), C(l), 0(1) 
Atom Dev. (A) 
Sb(l) 0 . 0 2 9  
0(2) - 0 . 0 3 8  
C(2) 0 . 0 2 8  
C(l) 0 . 0 1 0  
0 ( 1 )  - 0 . 0 2 8  
Equation: 
0.6843% + O.TOlOy - 0.2008z - 5-380 = 0 
(ii) Sb(l), 0(12), C(12), C(ll), 0(11) 
Atom Dev. (A) 
Sb(l) -0.043 
0(12) 0.047 
C(12) -0.020 
C(ll) 
-0.037 
0(11) 0.054 
Equation: 
- 0 . 1 9 1 2 X  +  0 . 1 2 3 9 y  +  0 .9737Z -  0 . 9 5 1  =  0  
^The plane coordinates are defined relative to three 
orthogonal unit vectors along the a,' and c_ directions. 
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Table 23 (Continued.)-
(iii) Sb(2), 0(15), C(l4), 0(13), 0(l4) 
Atom Dev. (&) 
Sb(2) 
-0.037 
0(15) 0.035 
C(14) 
-0.013 
C(13) -0.036 
0(14) 0.051 
Equation: 
0.8871% + 0.4220y - 0.l870z - 1.235 = 0 
(iv) Sb(2), 0(5), C(4), C(3), 0(4) 
Atom Dev. (&) 
Sb(2) 0.024 
0(5) -0.022 
C(4) 0.007 
C(3) 0.024 
0(4) -0.033 
Equation: 
0 .0195% - 0.l485y + 0 .9887z  - 4.705 = 0 
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Table 24. Bond distances and angles in the antimony-
tart rate. .dimer. 
(a) Distances (A) 
Sb(l)-0(1) 
Sb(l)-0(11) 
Sb(l)-0(12) 
Sb(l)-0(2) 
2.13(1) 
2.18(1) 
1.97(1) 
2.00(1) 
C(l)-0(1) 
C(l)-0(3) 
C(l)-C(2) 
C(2)-0(2) 
C(2)-C(3) 
C(3)-0(4) 
C(3)-C(4) 
C(4)_0(6) 
C(4)-0(5) 
1.26(2) 
1.24(2) 
1.55(2) 
1.39(2) 
1 . 5 8 ( 2 )  
1 . 3 8 ( 2 )  
1 . 5 0 ( 2 )  
1.19(2) 
1.32(2) 
C(2)-H(2) 
C(3)-H(3) 
0 . 9 6  
0.92 
Sb(2)-0(5) 
Sb(2)-0(15) 
Sb(2)-0(14) 
Sb(2)-0(4) 
2.12(1) 
2.21(1) 
1.99(1) 
2.01(1) 
C(ll). 
C(ll). 
C(ll). 
C(12). 
C(12)-
C(13)-
0(13). 
C(14)-
C(14). 
•0(11) 
•0(13) 
•0(12) 
•0(12) 
•C(13) 
•0(14) 
-C(l4) 
•0(16) 
•0(15) 
1.24(2) 
1.28(2) 
1.52(2) 
1 . 4 5 ( 2 )  
1-54(2) 
1.38(2) 
1.53(2) 
1.22(2) 
1.24(3) 
C(12)-H(12) 
C(13)-H(13) 
0.97 
0.93 
97 
Table 24 (Continued) 
)) Angles (deg) 
0(1) -Sb(l)-0(11) 147 .7(4) 0(5)-Sb(2)-0(15) 148. 8(5) 
0(2) -Sb(l)-0(12) 101 .4(4) 0(4)-Sb ( 2 ) -0(14) 101. 1(5) 
0(11)-Sb(l)-0(12) 77 .8(4) 0(15) -Sb(2) -0(14) 77. 2(5) 
0(1) -Sb(l)-0(2) 78 .6(4) 0(5)-Sb ( 2 ) -0(4) 79. 4(5) 
Sb(l)-0(1)-C(l) 116 .9(8) Sb(l) -0(11) -0(11) 114. 1(9) 
0(1) -C(l -0(3) 125 .2(13) 0(11) -0(11) -0(13) 125. 0(13) 
0(3) -0(1 -C(2) 120 .5(12) 0(13) -0(11) -0(12) 115. 5(15) 
0(1) — C ( 1 -C(2) 114 .3(12) 0(11) -0(11) -0(12) 119. 4(13) 
C(l) -C(2 -0(2) 113 .2(12) 0(11) -0(12) -0(12) 108. 6(12) 
C(2) -0(2 -Sb(l) 116 .7(8) 0(12) -0(12) -Sb(l) 119. 3(7) 
0(2) -C(2 -C(3) 111 .0(11) 0(12) -0(12) -0(13) 108. 7(11) 
C(2) —C ( 3 -0(4) 109 .8(10) 0(12) -0(13) -0(14) 111. 2(13) 
C(3) -0(4 -Sb(2) 115 .4(9) 0(13) -0(14) -Sb(2) 118. 5(11) 
0(4) 
-C(3 -C(4) 115 .9(13) 0(14) -0(13) -0(14) 112. 6(17) 
C(3) -C(4 -0(6) 123 .1(17) 0(13) -0(14) -0(16) 117. 1(21) 
C(3) -C(4 -0(5) 113 .7(14) 0(13) -0(14) -0(15) 116. 6(17) 
0(6) -C(4 -0(5) 123 .2(16) 0(16) -0(14) -0(15) 126. 2(18) 
C(4) 
-0(5 -Sb(2) 115 .3(10) 0(14) -0(15) -Sb(2) 114. 5(12) 
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bonded to antimony average, 1.26(2)Â compared to 1.23(2)& 
for carbon-uncoordinated oxygen atoms. The average C-C 
single bond distance is 1.54(2)&. 
The coordination of the two d-tartaric acid groups to 
the antimony atoms could be described in terms of either a 
distortion of a trigonal bipyramidal or a square planar 
bonding configuration. The axial bond angles (for two 
symmetry independent Sb atoms) 0(1)-Sb(l)-0(11) and 
0(5)-Sb(2)-0(15) are 148° and 149°, and the equatorial bond 
angles 0(2)-Sb(l)-0(12) and 0(4)-Sb(2)-0(l4) are 101° and 
101°, respectively. Some distortion would, of course, be 
expected fcr coordination to a quadridentate ligand. Note, 
however, that the axial bonds are antimony-carboxy1 oxygen 
bonds and the equatorial bonds are antimony-hydroxyl oxygen 
bonds. Antimony-carboxyl oxygen bond distances are 2.13, 
2.18, 2.12, and 2.21A and antimony-hydroxyl oxygen bond 
distances are 1.97, 2.00, 1.99, and 2.01A. This correlates 
eg 
well with electron diffraction studies of PP3CI2,' CHaFFi^, 
and (CK 3 ) 2 for example, in which there is bend 
lengthening in the axial direction and in which the more 
electronegative substituents (fluorine atoms) are in axial 
positions. Bond lengthening in the axial direction, an 
O • 
average 0 . 1 7 A  in the potassium antimony tartrate structure, 
also correlates well with an average 0.24A lengthening of 
the antimony-halide bond in the axial direction in 
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antimony halide structures determined in this l a b o r a t o r y .58 
In such molecules the best bonding description is to neglect 
d-orbitals in the first approximation and use primarily £-
orbitals for bonding, the longer bonds being three-center 
four-electron bonds. ' 
Between tartrate-(4)-bridged binuclear anions there 
appear to be some electrostatic interaction with two 
antimony-oxygen interatomic distances shorter than the sum 
of the van der Waal radii, These are Sb(l)-0(13^^) 
and Sb(2)-0(6^^), 2.97 and 3.35A, respectively. These 
interactions are probably important only in the solid state. 
Water molecules very often play a very important role 
in crystalline inorganic hydrated salts as ligands for 
metal ions and to minimize repulsion between anions. 
The three water molecules in the potassium antimony tartrate 
structure are hydrogen bonded to one another as 0(Wl)-0(¥2)-
0(W3) chains, and are hydrogen bonded to tartrate oxygen 
atoms in different antimony tartrate dimers related by the 
c_-centering operation (Figure 11). These hydrogen bonds, 
0(Wl)-H(Wla)••-0(13)(1/2 + X, -1/2 + y, z), 0(¥l)-H(Wlb)••• 
0(16), 0(W2)-H(W2b).''0(3)(-l/2 + x, -1/2 + y, z), 0(W3)-
H(W3a)•••0(15)> connect the antimony tartrate dimers in 
infinite sheets parallel to the a-b plane, as seen in 
Figure 12. The hydrogen bonding distances and angles are 
given in Table 25. 
Figure 11. View displaying the hydrogen-bonding of water molecules 
between antimony-tartrate dlmers 
HW2d 
0W2-^ 
0W3 . 
HW3à 
Figure 12. Intermolecular packing diagram showing the 
hydrogen-bonding network. This is a 
projection onto the a-b plane of four 
quarter-unit cell contents with 0_<z£0.25. 
There are four hydrogen-bonded infinite 
sheets for 0<z<1.0 
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Table 25. interatomic distances and angles Involving 
water molecules^ 
(a) Selected distances (A) and angles (deg) 
0(Wl)-H(Wla) 0.95 
0(Wl)-H(Wlb) 0.94 
0(W2)-H(W2a) 0 .8 ]  
0(W2)-H(W2b) 1.06 
0(W3)-H(W3a) 1.04 
0(W3)-H(W3b) 0.90 
H(Wla)-0(¥l)-H(Wlb) 105 
H(W2a)-0(W2)-H(W2b) 143 
H(W3a)-0(W3)-H(W3b) 102 
o(wi)-o(i6) 2.89(2) 
0(W1)-0(W2) 2.90(4) 
0(W1)-0(13^^^)^ 3.04(2) 
0(W1)-K(3^^) 2.76(2) 
a.r  The hydrogen atom positions are estimated from the 
neutron Fourier synthesis. 
The superscripts used in this table and in the text 
refer to the following transformations: 
1 X -y -z 
11 i+x T-y -z 
ill -X y t: Iv 1-x y 
V i - X  i+y I-Z 
vivx 
vil 
viil 
Ix 
X 
xi 
-pi 
-T-X 
-Ky i--z 
-4+y z 
z 
—z 
X -l+y z 
--^x -T+y z 
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Table 25 (Continued) 
0(W2) -0(3*i) 2. 93(4) 
0(W2) -0(5^i) 3. 10(4) 
0(W2) -0(6=) 3. 20(4) 
C\J o
 -0(14^11) 3. 24(4) 
0(W2) -Sb(2Vl) 3. 26(3) 
0(W2) -Sb(2Vli) 3. 47(3) 
0(W3) -0(14) 2. 96(4) 
0(W3) -0(5^11) 3-00(4) 
0(W3) -0(W2) 3. 14(5) 
0(W3) -K(2^^) 3. 15(3) 
0(W3) -K(3lV) 2. 68(3) 
(b) Hydrogen bonding distances (A) and angles (deg) 
Distances 0-H***0 
Donor Hydrogen Acceptor 0-0 0' -H H- • •0 angl( 
0(W1) H(Wla) 0(13^11) 3 .04(2) 0 .95 2. 42 121 
0(W1) H(Wlb) 0(16) 2 .89(2) 0 .94 1. 95 172 
0(W2) H(W2a) 0(W1) 2 .90(4) 0 .83 2. 31 129 
0(W2) H(W2b) 0(3*1) 2 .93(4) 1 .06 2. 07 137 
0(W3) H(W3a) 0(15) 2 .96(4) 1 .04 2. 06 144 
0(W3) H(W3a) 0(W2) 3 .14(5) 0 .90 2. 60 112 
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The potassium atoms are situated between these layers 
and stabilize the solid via electrostatic interactions with 
tartrate and water oxygen atoms. Potassium-HzO oxygen 
distances 0(W1)-K(3^^), 0(W3)-K(2^i), and 0(W3)-K(3^^): 
2.76, 3.15, and 2.682., respectively, are comparable to 
K - O C H a O )  d i s t a n c e s  i n  K ( A u ( C N ) ^ a n d  
KCBsOe (OH) 1, ) • 2H2O. In addition, there are antimony-H2O 
oxygen interactions, 0(W2)-Sb(2^^) and 0(W2)-Sb(2^^^), 3.26 
and 3.47%., respectively. The latter distances are somewhat 
less than the sum of the van der Waal radii, 4.0Â,^^ and 
remind one of the Reihlen and Hezel structure where water 
occupies an antimony coordination site, but it is doubtful 
that this weak interaction would cause the water molecule 
to ionize in solution. 
The coordination geometry of water oxygen atoms is not 
as clearly defined as in many other inorganic hydrate 
structures'^ where lone pair orbitals or the bisectrix of 
lone pair orbitals are directed toward metal atoms or are 
acceptors in hydrogen bonds. The potassium ions, in 
particular, do not necessarily occupy sp^ coordination 
sites on the H2O oxygen atoms. 0(W1), in addition to the 
two bonding atoms H(Wla) and H(Wlb), is coordinated to 
K(3) and is also the acceptor atom in a hydrogen bond,to 
0(W2). 0(W2) is the donor atom in two hydrogen bonds and 
is the acceptor atom in a hydrogen bond with 0(W3). It 
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is also weakly coordinated to Sb(2^^) and Sb(2^^^). The 
third water molecule, 0(W3), is coordinated to two 
potassium ions K(2^^) and K(3^^). Only one hydrogen atom 
in the third water molecule appears to be involved in 
hydrogen bonding, with bifurcated hydrogen bonds 0(W3)-
K(W3a) •--oUl) and 0(W3)-H(K3a) • • •0(W2). 
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RESEARCH PROPOSALS 
The following are problems in structural chemistry 
which could be solved by using X-ray and neutron diffraction 
techniques. 
A. TT—C5HsWCCO) 3H and tt—C5HsFe(CO) 3PI''g 
In an electron diffraction study of gaseous InCsHs by 
gli 
Shibata, Bartell, and Gavin, it was found that the 
hydrogen atoms are bent out of the plane of the carbon atoms 
away from the metal atom by 4.5±2°. This is due to the 
influence of the metal atom on orbital bonding in the ring. 
A crystallographic study of ir-cyclopentadienyl tri-
carbonyl tungsten hydride would be of interest to establish 
the coordination geometry about the tungsten atom, to 
determine the tungsten-hydrogen bond length, and to see if, 
in the solid state, the cyclopentadienyl hydrogen atoms 
lie in the plane of the carbon atoms, or whether they are 
bent out of the plane. 
An X-ray structural investigation was carried out by 
Johnson in 1968,^^ and the results were poor (they were 
not published) due to rapid decomposition of the crystals 
when exposed to sunlight or artificial light. The crystals 
are pale yellow in color and change from yellow to dark 
red by the photodimerization reaction 
2 t t -CsHsWCCO) 3H —— > CTT-CsHsWCCO) s lz  + Hg .  
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A sample of this compound was supplied to me by 
R. J. Angelici. The crystals were mounted in thin-walled 
Lindemann capillaries to prevent decomposition. Preliminary 
precession photographs using Mo Ka radiation were taken with 
a cardboard box over the camera to limit exposure to light. 
These photographs displayed 2/m Laue symmetry with 
extinctions OkO: k ^ 2n, which indicate the space groups 
P2^ or P2^/m. 
The lattice constants from these photographs were 
a-6.54, b=10.93, c=5.94&, and 3=108.5°. The lattice 
constants in Johnson's thesis are a=6.84, ^ =10.69, c_=6.27A, 
and 6=108.42°, which were determined by film techniques. 
The problems in refining the structure may have been due to 
using incorrect lattice constants. 
A set of X-ray data for TT-CSHSWCCO) 3H were taken in 
this laboratory with no appreciable decomposition of the 
crystal monitored by standard reflections measured 
periodically during data collection. The crystal was 
aligned optically on the diffractometer and the data were 
collected in the dark. Unfortunately, the data were not 
good enough for redetermining the crystal structure due to 
technical difficulties with the diffractometer. The 
tungsten atom positions (0.031, 0, 0.406) were located 
from an unsharpened Patterson map. 
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x-ray data could be retaken quite easily on this 
compound providing the overhead lights were off and the 
shades were drawn. A neutron diffraction study, however, 
would be the most interesting to locate the hydrogen atoms, 
and should be possible since the crystals do tend to grow 
to large size. For a white radiation neutron study, a 
large cardboard roof could be placed on top of the wall 
for biological shielding which presently surrounds the 
instrument. 
A neutron diffraction study of ir-C sHsPe ( CO) sPFs would 
also be interesting to see if the hydrogen atoms are pushed 
out of the plane of the cyclopentadienyl ring. 
ir-CsHsFeCCO) 3"^ has lower symmetry than InCsHs and higher 
symmetry than ir-C sHsWCCO) 3H. If the hydrogen atoms are 
bent out of the plane, it would also be interesting to 
observe and compare the effect of the metal atom on 
individual hydrogen atoms in the lower symmetry cases. 
B. Insecticides 
Other cyclodiene insecticides which might be studied 
by X-ray diffraction are telodrin and heptachlor. The 
molecular parameters could then be compared to those of 
endrin, aldrin, and dieldrin. If crystals were available, 
the two forms of Klein's metabolite, the major metabolites 
of dieldrin and aldrin, would be especially interesting 
problems to solve using X-ray crystallography. 
Ill 
C. Studies of "biologically important "basé pairs 
In the Watson and Crick model of DNA, hydrogen bonds 
between the base pairs thymine-adenine and cytosine-guanine 
hold together the two polynucleotide helical chains. In the 
Watson and Crick model there are two hydrogen bonds between 
the base pairs, and in the later Pauling and Corey model 
there are three hydrogen bonds between guanine and cytosine. 
Two X-ray structure determinations, 9-ethylguanine: 
1-methylcytosine^^ and 9-ethylguanine:1-methy1-5-bromo-
cytosine,^^ have been reported. Although it is understood 
that hydrogen bonding between base pairs in nucleic acids 
is not necessarily the same as that found between isolated 
base pairs, the information obtained is useful for accurate 
model building. Neutron diffraction studies of these 
compounds would provide more accurate positional parameters 
and meaningful thermal parameters for hydrogen atoms in the 
crystal structures. 
A series of purine-pyrimidine base pairs studies by 
Sobell using X-ray diffraction would also be interesting 
to redetermine using neutron diffraction if large enough 
crystals could be obtained. These are 9-ethyladenine:1-
methyl-5-iodouracil, 1-methyIthymine:9-ethy1-2,6-
diaminopurine, and l-methyl-5-uracil:9-ethy1-2-amlnopurine. 
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